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ABSTRACT 
Li, Shuning. Ph.D., Purdue University, May 2013.  Three-dimensional Image Analysis 
for Quantification of Tooth Movements and Landmark Changes.  Major Professors:  Jie 
Chen, Purdue School of Engineering and Technology and Anil K. Bajaj, School of 
Mechanical Engineering. 
 
 
 
 Quantification of treatment outcomes (tooth displacement and bony changes) is 
the key to advance orthodontic research and improve clinical practices. Traditionally, 
treatment outcome were quantified by using two-dimensional (2D) cephalometric 
analysis. However, there are problems inherent in 2D analysis, such as tracing errors and 
inability to detect side-effects. Thus, a reliable three-dimensional (3D) image analysis 
method for treatment outcome quantification is of high interest. 
 
 Systematic 3D image analysis methods were developed for digital dental cast 
models and Cone-Beam Computed Tomography (CBCT) models. A typical analysis 
procedure includes image reconstruction, landmarks identification, coordinate system 
setup, superimposition, and displacement or change calculation. The specified procedures 
for maxillary teeth displacements and anatomical landmarks movements were presented 
and validated. The validation results showed that these procedures were accurate and 
reliable enough for clinical applications. 
 
 The 3D methods were first applied to a human canine retraction clinical study. 
The purposes of this study were to quantify canines and anchorage tooth movements, and 
to compare two commonly used canine retraction strategies, controlled tipping and 
translation. The canine results showed that (1) canine movements were linear with time; 
 xiv 
(2) the initial load system was not the only factor that controlled the canine movement 
pattern; and (3) control tipping was significantly faster than translation. The anchorage 
tooth results showed that (1) anchorage losses occurred even with transpalatal arch 
(TPA); (2) there was no significant difference in anchorage loss between the two 
treatment strategies; and (3) compared with removable TPA, fixed TPA appliance can 
significantly reduce the amount of anchorage loss in the mesial-distal direction. 
 
 The second clinical application for the 3D methods was a mandibular growth 
clinical trial. The purposes of this study were to quantify skeletal landmark movements, 
and compare two widely used appliances, Herbst and MARA. The results showed that (1) 
the Herbst appliance caused mandibular forward movement with backward rotation; and 
(2) the treatment effects had no significant differences by using either Herbst or MARA 
appliances. 
 
 The two clinical applications validated the methods developed in this study to 
quantify orthodontic treatment outcomes. They also demonstrated the benefits of using 
the 3D methods to quantify orthodontic treatment outcomes and to test fundamental 
hypotheses. These 3D methods can easily be extended to other clinical cases. This study 
will benefit orthodontic patients, clinicians and researchers.  
 1 
1. INTRODUCTION 
1.1. Problem Statement 
Orthodontics relies primarily on the clinical experiences of orthodontists. Many 
orthodontic theories in orthodontics were developed from trial and error assessments and 
best guesses, and have rarely been validated scientifically mainly because there is no 
reliable method to quantitatively evaluation treatment outcomes (e.g. tooth displacements 
and bony changes). 
 
Traditionally, tooth displacements and bony changes were quantified with two-
dimensional (2D) cephalometric analyses. With the introduction of radiologic imaging on 
live subjects in the 1930s, many kinds of cephalometric analyses have been developed, 
that are still in use [1]. The basis of the analyses is identification of anatomic structures as 
landmark points. These points are projected onto the sagittal plane and connected to form 
lines and contours that are measured to show the locations or the interrelations of the 
maxilla, mandible, skull base, and dentition. These measurements can be compared to 
established “normal” data, or to serial cephalograms longitudinally to assess the changes 
from treatment and/or growth. The disadvantages of 2D cephalometric analysis are 
tracing and landmark identification errors, and inability to detect side-effects, such as 
undesired displacement components, the displacement components in the directions 
perpendicular to the direction of movement. Desired tooth displacement components are 
those that move the tooth into its treatment target position, while undesired displacement 
components should be detected because their correction prolongs treatment time. 
 
New three dimensional (3D) imaging technologies provide 3D views of 
anatomical structures. However, there are no widely accepted 3D representations of 
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clinical parameters and reliable methods of treatment outcomes quantification. Thus, 2D 
images are being extracted from the 3D scans for traditional clinical evaluations which do 
not fully utilize the rich information embedded in the 3D scan. With the development of 
modeling techniques, 3D digital models can be used to quantify treatment outcomes and 
to determine side-effects that are undetectable in 2D. Three dimensional approaches can 
be used to evaluate treatment strategies and orthodontic appliances and as the basis for 
evidence in the design of new appliances and treatment planning. 
 
Thus, the goals of this study are to quantify orthodontic treatment outcomes and 
side effects by developing feasible 3D image analysis methods.  This study will benefit 
the orthodontic patient, clinician and researcher. 
1.2. Anatomical Nomenclatures 
The human skull anatomical structures used in this study are shown in Figure 
1.1:(a) a human skull; (b) some of the skeletal landmarks used in cephalometric analysis; 
(c) a  maxillary dental cast; and (d) the superior  view of the cranial base in a Cone-Beam 
Computed Tomography (CBCT) scan. 
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(a)                                                                      (b) 
             
               (c)                                                               (d) 
 
Figure 1.1. Anatomical nomenclatures. 
1.3. Objectives 
The overall goal of this study is to quantify orthodontic treatment outcomes and 
side-effects by using 3D image analysis methods, and to show the feasibility of using 
quantified treatment outcomes to test important hypotheses in orthodontics.  
 
The specific objectives of this study are to 
 Develop methods to quantify the 3D displacements of tooth and anatomical 
landmarks 
 Experimentally assess the accuracy and variation of the displacement calculation 
Maxilla 
Mandible 
Ramus 
Condyle 
Frontal 
Nasal 
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 Express the calculated results in conventional clinical terms and parameters 
 Quantify treatment outcomes with the new methods, and 
 Test some orthodontic hypotheses using two clinical cases. 
1.4. Scopes of Study 
1.4.1. 3D Image Analysis Methods (Chapter 3) 
In Chapter 3, a general scheme for 3D image analysis is presented. The scheme 
includes image reconstruction, a coordinate system convention, superimposition, and 
anatomical change calculation. Based on the selection of 3D models and the clinical 
applications, three 3D image analysis procedures were developed, and their accuracy and 
reliability were validated. 
1.4.2. 3D Image Analysis in a Canine Retraction Study (Chapter 4) 
3D image analysis was applied to a canine retraction clinical trial. Two commonly 
used canine retraction strategies were implemented concurrently in patients. The 
movement of maxillary canines and anchorage teeth (1
st
 molars and 2
nd
 premolars) were 
quantified using the procedures presented in Chapter 3. Six hypotheses were proposed 
and tested. The hypotheses involved the relationship between canine movement and 
treatment time; the relationship between canine movements and orthodontic force 
systems; the comparison between two canine retraction strategies in terms of canine 
movement rate and anchorage loss; and the comparison between two anchorage control 
appliances.   
1.4.3. 3D Image Analysis in a Mandibular Growth Study (Chapter 5) 
3D image analysis was applied to a mandibular growth clinical trial. In this 
randomized controlled clinical trial, growing patients with mandibular deficiency were 
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treated by using either Mandibular Anterior Reposition Appliance (MARA) or Herbst 
appliances. The movements of selected skeletal landmarks were quantified. Two 
hypotheses were proposed and tested. One of the hypotheses was about the side-effects 
caused by the Herbst appliance, the other was about the landmark movements associated 
with the two appliances. 
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2. LITERATURE REVIEW 
2.1. Medical Imaging in Orthodontics 
Medical imaging is an important tool with a large number of applications in 
orthodontics. Orthodontists can use it not only for clinical diagnosis, but also for 
treatment planning and outcome evaluation. It helps researchers understand malocclusion 
and the relationships between important craniofacial structures.  
 
Orthodontists, dentists, and researchers have been relying on medical imaging to 
diagnose malocclusion and to plan treatment. The extraoral methods include panoramic 
radiographs, cephalometric radiographs, digital dental cast and Cone-Beam Computed 
Tomography (CBCT). 
2.1.1. Panoramic Radiographs 
 Panoramic radiography, also called orthopantomogram (OPG) is a simplified 
extraoral procedure to visualize maxilla and mandible on a single image [2-3] (Figure 
2.1).  
 
 
Figure 2.1. Panoramic radiographs. 
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 Panoramic radiographs show a 2D view of a half-circle from ear to ear. The most 
important advantage of panoramic radiographs is the broader coverage of facial bones 
and teeth than conventional intraoral radiographs [4-7]. A panoramic radiograph is often 
taken at the first visit to provide information for diagnosis and treatment planning.  It can 
be used to (1) determine the status of the impacted wisdom teeth; (2) help find the cause 
of dental pain; (3) assess the placement of dental implant; (4) detect caries. However, it 
has limitations of panoramic radiographs, such as blurring, distortion, and variations in 
horizontal image magnification, leading to a relatively poor definition of the structures 
compared to intraoral radiographs. 
2.1.2. Cephalometric Analysis 
Many early studies focused on 2D cephalometric analysis. Several analyses, based 
on different sets of measurements, have been developed [8-11]. The Downs (1956) 
analysis uses the Frankfort horizontal (FH) as its reference plane [1, 8]. It relates the 
central incisors to each other and to the occlusal and mandibular planes (Figure 2.2 (a)). 
The Steiner (1960) analysis uses the sella-nasion cranial base plane as its central 
reference [1, 9]. Steiner described the chin position relative to the mandible and the 
relationship between the occlusal plane and the sella-nasion. He also related the maxillary 
and mandibular central incisors to their respective bones in both linear and angular 
measures (Figure 2.2 (b)). Basic definitions and descriptions in the Steiner analysis are 
used today. The Ricketts (1961) analysis also used the Frankfort horizontal as its 
reference plane [1, 10]. He defined and measured the facial contour by comparing the N-
Pg plane to the FH-A perpendicular (Figure 2.2 (c)). 
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Figure 2.2. Cephalometric analysis [1]. 
(a) Downs analysis, (b) Steiner analysis, and (c) Ricketts analysis 
 
Superimposition of serial cephalograms is used to trace an individual's facial 
changes due to growth and/or orthodontic treatment at different time points [12-13]. The 
changes are from a combination of growth and orthodontic treatment in patients receiving 
orthodontic therapy [11]. The most commonly used method to assess the overall change 
pattern of the face was suggested by Steiner [14]. This method superimposed on anterior 
cranial base along the sella-nasion (SN) line and registered at sella (Figure 1.1 (b)). In 
traditional “best-fit” method, maxillary analysis was done by superimposing along the 
palatal plane from anterior nasal spine (ANS, Figure 1.1 (b)) to posterior nasal spine 
(PNS, Figure 1.1 (b)) with registration at ANS. Mandibular superimposition was on the 
lower border of the mandible with registration at the chin [15-16].  Björk and Skieller 
examined maxillary and mandibular growth by using metallic implants inserted into the 
jaws as fixed references [17-19]. Their studies showed that the “best-fit” method had 
problems when applied to growing patient. The superimposition method they proposed 
was called “structural” method [20-21], which chose stable structures, such as the 
anterior cranial base and the anterior portion of the chin as references for 
superimposition. Figure 2.3 show the three major cephalometric superimpositions. Figure 
2.3 (a) is superimposition on anterior cranial base along the SN line. This 
superimposition shows the overall change patterns of the face. Figure 2.3 (b) is 
superimposition on maxilla, and it shows the maxillary teeth changes relative to maxilla. 
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Figure 2.3 (c) is superimposition on mandible. This superimposition shows changes in 
condyle (Figure 1.1 (a)) and mandibular teeth relative to the mandible. 
 
 
 
Figure 2.3. Three major cephalometric superimpositions [11]. 
 
Although 2D cephalometric analyses are widely used, they have several 
limitations [1, 22] They are (1) unable to reveal details in the complex 3D structures; (2) 
inconsistent due to head misalignments; (3) unable to take into account the left-right 
asymmetry of the head; (4) inconsistent in landmark location and identification; and (5) 
prone to errors in manual data collection and processing. 
2.1.3. Three-dimensional (3D) Imaging 
3D techniques overcome some of the limitations of 2D methods and imaging 
technologies have been developed to acquire, visualize, and quantify information from 
Cone-Beam Computed Tomography (CBCT). 
2.1.3.1. Digital Dental Casts 
Dental casts are the traditional 3D dental records for measuring clinical outcomes.  
It is widely used to identify changes in the dental arch. Several groups developed 
methods to analyze 3D tooth displacements with dental casts [23-26]. Commer et al. 
(2000) have measured tooth displacements by laser scanning plastic casts [23]. Their 
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measurements showed a maximum deviation of about 0.2 mm, but they relied on 
artificial reference points. In reality, however, it is a serious challenge to find clear and 
stable reference surfaces and points. 
 
Ashmore et al. (2002) have developed a mathematical method for superimposing 
3D data obtained from selected landmarks on longitudinally collected dental casts to 
describe maxillary first molar movement during headgear treatment [24]. They used the 
palatal rugae as landmarks to align the models, and expressed the displacement in an 
anatomically derived coordinate system.  They calculated a rotation matrix by using only 
4 landmark points per molar. Because of the close spatial positions of the 4 points, minor 
measurement errors can significantly impact the accuracy of rotation calculations.  
 
Keilig et al. (2003) have used the surface-to-surface algorithm to determine tooth 
displacements [25]. This algorithm is equivalent to the minimization of the distance 
between the two surfaces. The casts were digitized either with a coordinate measurement 
table (COMT) or with a 3D laser scanner. The palatal rugae (Figure 1.1 (c)) of the initial 
model were used as the reference to align the initial and final models. The paper didn’t 
provide detailed information about the coordinate system set-up. Although it is claimed 
that the complete crown surface was used to calculate tooth displacement, the figures 
only show the top surfaces of the crowns. So the displacement calculation was only based 
on the points on the top surfaces. This could work for posterior teeth with large and 
complicated occlusal surfaces, but not for anterior teeth with small and simple surfaces. 
 
Cha et al. (2007) have compared 3D digital model superimposition with 2D 
cephalometric superimposition [26]. They used a laser scanner and reverse modeling 
software to obtain the 3D models. The palatal rugae region was chosen as a reference, 
and 3D surface-to-surface matching was used to superimpose the pre- and post-treatment 
scans. They chose the coordinate system defined by Ashmore et al. [24] to express the 
displacement components. They concluded that the mean incisor and molar movement 
measurements did not differ statistically between the superimpositions. They suggested 
 11 
that 3D digital model superimposition is clinically as reliable as cephalometric 
superimpositions for assessing orthodontic tooth movement. They only calculated the 
translations of one landmark point, without involving rotations. 
 
There are two major shortcomings in previously reported methods using digital 
dental casts. First, in many methods the calculations are based on the locations of certain 
landmark points, thus the accuracy is questionable. Second, rotation or tipping is not 
considered or calculated accurately. Furthermore, most studies were based on typodonts, 
thus variation among patients were not assessed. The precision and reproducibility of the 
landmarks was a main challenge, and there were no methods to improve the landmark 
identification process. Displacement calculation, based on surface matching, was a better 
approach. However, this requires that the digital casts have large, stable and accurate 
surfaces. These issues are addressed in this study. 
2.1.3.2. Cone-beam Computed Tomography (CBCT) 
CBCT can provide 3D images of the jaws and teeth, so it is increasingly used in 
the clinic, and because of the higher accuracy and richer information, many researchers 
turn to CBCT models for 3D analysis. The work can be placed in three categories: 
accuracy and reliability assessment, 3D superimposition, and treatment evaluation. 
 
 Accuracy and Reliability Assessment 
Lamichane et al. (2009) have developed a method to produce 2D cephalograms 
from CBCT images [22] to build a bridge between 2D and 3D. They designed a 
radiographic phantom with known dimensions, and took lateral and frontal cephalograms 
and CBCT scan of it. Landmarks on the cephalograms were traced and measured both 
manually and digitally. Orthogonal and perspective projections were generated from the 
CBCT scan, and lateral and frontal cephalograms based on the projections were created 
by using Dolphin 10. The results showed that the perspective lateral image constructed 
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from CBCT scan was accurate enough to be used in place of a traditional 2D 
cephalogram. They only used 3D images to do 2D analysis in. 
 
Sherrard et al. (2010) evaluated the accuracy and reliability of tooth and root 
length measurement by using CBCT images [27]. They took CBCT scans of seven fresh 
porcine heads at three different resolutions, 0.2, 0.3, and 0.4 mm. Two periapical 
radiographs were also taken for the selected incisors and premolars. The CBCT scans 
were processed, and tooth and root length were derived by using Dolphin imaging 
software. The periapical radiographs of each tooth were imported into ImageTool 
software to measure the tooth and root length. All the measurement results were 
compared with actual measurements of the teeth by using digital calipers. Based on the 
results, they suggested that CBCT measurements were more accurate and reliable than 
periapical measurements for tooth and root length. Measurements from higher resolution 
scans had even better reliabilities. The main reason was that the periapical scans in the 
clinic might not be parallel. 
 
Hassan et al. (2010) have investigated the influence of CBCT scan and 
reconstruction parameters [28]. The parameters they tested were scan field, mouth 
opening, voxel size, and segmentation threshold. Twenty-five patients were randomly 
assigned into three groups to take CBCT scans with different settings. The results 
indicated that the recommended setting to gain better quality scans was to use medium or 
small scan fields in an open-mouth position with a small voxel size. The segmentation 
threshold value was determined by the histogram of each model. Results showed that the 
maxilla threshold values varied more than the mandible ones, meaning that mandible 
region has better image quality than maxilla region in the same scan. One of the potential 
explanations was that the cortical bone in the mandible is thicker than in maxilla. The 
varied thin maxilla cortical bone creates significant artifacts in the 3D model. 
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 Superimposition 
Superimposition is an important method for orthodontists to trace the growth and 
treatment related craniofacial changes. Early studies showed the potential of CBCT 
superimposition to assess the changes from both growth and orthodontic treatment in 
patients receiving orthodontic therapy.  
 
Cevidances et al. (2007 and 2009) have used CBCT models to assess mandibular 
changes of both adult after orthognathic surgery [29] and in growing patients [30]. In the 
adults study, the before and after treatment models were superimposed on cranial base 
(Figure 1.1 (d)); while in the growing patients study, the superimposition was on anterior 
cranial base (Figure 1.1 (d)). The results of both studies suggested that 3D 
superimposition can be used to identify the magnitude and direction of mandibular 
displacement. The displacement calculation results in these studies only provided average 
shape changes of the structures since the shape changes in mandibular rami (Figure 1.1 
(a)) and condyle (Figure 1.1 (a)) were not uniform. Average changes cannot give enough 
information to quantify the mandibular changes. The authors also didn’t provide an 
explanation on the choice of the different superimposition regions in the two studies. 
 
Choi et al. (2010) have introduced a method using the mutual information theory 
to superimpose 3D CBCT models [31]. This method does not depend on 3D surface 
models, and the registration aligned the before- and after-treatment gray level CBCT data 
sets. It is claimed that subvoxel level accuracy can be obtained and that the registration 
process was highly robust. There was no accuracy or reliability assessment for this 
method. 
 
Tai et al. (2010) have developed a superimposition method by using surface-based 
registration [32]. The samples were the before- and after-treatment CBCT scans of 
fourteen patients. The superimpositions were done on cranial base (Figure 1.1 (d)), 
infraorbital margin, and corpus to show positional changes of bone and teeth relative to 
different stable structures. The image registration algorithm used in this study was 
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Iterative Closest Point (ICP). The results showed that ICP can be used to superimpose 
CBCT models. Of the three reference areas, cranial base was the most reliable surface for 
superimposition. However, this method only measured the distance changes between two 
positions of a landmark point without any angular change information. 
 
Nada et al. (2011) have tested voxel based superimposition method on anterior 
cranial base and the zygomatic arches [33]. Sixteen pairs of 3D models were constructed 
from before and after treatment CBCT scans of adult dysgnathic patients. Each pair was 
registered on the anterior cranial base three times and on the left zygomatic arch twice. 
The authors concluded that voxel based image registration on both zones could be 
considered as an accurate and a reproducible method for CBCT superimposition.  
However, voxel-based algorithm needs longer computational time and is more computing 
intensive [34]. 
 
 Treatment Evaluation 
Because CBCT is a useful tool in evaluating dental and skeletal changes such as 
tooth and anatomical landmark movements, it is important for assessing treatment 
outcomes. 
 
Chen et al. (2009) have developed a method to calculate tooth displacement from 
two sets of CBCT images from the same subject [35]. To put the two models in an 
identifiable position, the superimposition was on the stable mandibular bony parts by 
using ICP algorithm. After superimposition, the six displacement components were 
calculated from the entries of the transformation matrix between the two positions of the 
same tooth. Experiments were designed to assess the accuracy and reliability of the 
method which was determined to be a feasible clinical method to quantify 3D tooth 
displacements. 
 
Alves et al. (2011) used CBCT to assess the stability and behavior of mini-
implant during upper molars intrusion [36]. CBCT scans were taken for each patient, one 
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at the beginning and the other one at the end of the treatment. To assess displacement, the 
distances of mini-implants’ head and tail to coronal, sagittal and axial planes were 
measured on both scans. The measurements were actually done on a 2D cross-section of 
the CBCT scans, and rotation information cannot be obtained. 
 
Since conventional 2D cephalometric analysis has been used by the orthodontists 
for several decades, researchers also made efforts to extend this method to 3D models. 
Cho et al. (2009) have presented a 3D cephalometric analysis system with coordinate 
system, landmarks, and dental and skeletal analysis parameters [37]. This system was 
based on the 2D analyses and studies, and it was a first step to extent analysis into 3D. 
However, in this system, many measurements still needed to be made on a projected 
plane, and it didn’t provide a method to do superimposition. 
 
There are many articles about the latest developments and applications of CBCT 
images. Since CBCT is still relatively new to orthodontics, many studies focused on 
validating its accuracy and on the processing of 3D images, e.g. different algorithms for 
superimpositions. However, treatment outcome evaluation was still done visually or in 
2D. Clinical 3D treatment outcomes assessments and side-effect quantifications are still 
needed. 
 
3D studies use digital casts or CBCT images, each with its advantages and 
disadvantage. CBCT images are more accurate and they can provide more information, 
but there is radiation dose concern. Dental casts can be obtained longitudinally at 
different treatment milestones. While the disadvantages of dental casts are: (1) the 
cumulative errors from multi-steps in making the cast; (2) the lack of root and bone 
information. So a better clinical approach is to integrate the two methods and streamline 
the process. 
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2.2. Orthodontic Tooth Movement 
Orthodontic tooth movement is an important treatment outcome that can be used 
to evaluate treatment strategies and orthodontic appliances. In orthodontic treatment, the 
orthodontist always constructs an appliance to produce certain desired tooth movements. 
The efficiency of the desired tooth movement can be evaluated by using tooth movement 
rate. Typically an orthodontic load system is applied to the tooth to be moved by an 
appliance that is anchored by other teeth.  Through activation, applying a force to the 
moving tooth will inevitably create a reaction force on the anchoring teeth also causing 
them to move.  Methods have been developed to minimize anchorage loss, but their 
effects have not been documented due to a lack of reliable technology.  The inability to 
quantify anchorage loss also affects the evaluation of clinical tooth displacement because 
the displacement has been measured using the anchorage tooth as the reference. When the 
anchorage tooth moves, it affects the accuracy. Therefore, quantification of anchorage 
loss is important. 
2.2.1. Tooth Movement Rate 
Tooth movement rate is the commonly used parameter to evaluate treatment 
efficiency. In animal studies, the relationship between the magnitude of force and tooth 
movement rate was investigated [38-41]. A mathematic model was also developed based 
on experimental studies in beagle dogs [42].  
 
In human studies, besides comparing the effects of force magnitudes [43-45], 
movement rates were used to compare the treatment efficiency among different 
appliances [46-48], and different types of anchorage [49]. 
 
In the previous studies, tooth movement rate was quantified by using digital 
calipers [38-39, 47-48] or two-dimensional (2D) cephalometric analysis [49-50]. These 
methods can only provide linear or 2D measurements between landmarks. The off-plane 
movement and rotations are not assessed. These components are equally important 
because they characterize the side-effects. 
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2.2.2. Anchorage Control 
Anchorage is defined as the resistance to unwanted tooth movement [16]. It is one 
of the most important factors in evaluating treatment outcome. Many different anchorage 
techniques have been designed in the past decades. 
 
 Teeth have been the most common anchors. In canine retraction treatment, 
traditionally, the typical anchorage involves the bonding of 2
nd
 premolar, 1
st
 molar and all 
anterior teeth [51]. This technique can be reinforced by adding a transpalatal arch (TPA) 
between the two 1
st
 molars. TPA can also help reduce the rotation of molars [52]. 
However, this kind of intraoral technique is not always successful. Significant anchorage 
losses were observed in several studies [52-54]. The maximum anchorage loss observed 
in one study was more than 4.0mm [54]. 
 
 Head gear is another widely used technique for anchorage control. It is able to 
provide absolute anchorage [16]. However, patient compliance  is a big problem [55], 
especially when considering that many of the orthodontic patients are young children. 
The other concerns are undesired side effects on the maxillary complex and risk of injury 
[56-58]. 
 
 With the development of bone implant techniques, mini-implants are gaining 
popularity for absolute anchorage. Orthodontic mini-implants were placed in locations 
such as alveolar bone [59], the retromolar region [60], the midpalatal region [61], and the 
lingual [62] and buccal [63] cortical plates. Studies focusing on comparing mini-implant 
with traditional anchorage control techniques were also found in current literature [49, 
52]. The results showed that implant can provide a better anchorage control and increase 
the canine movement rate. 
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3. METHODOLOGY 
The commonly used three-dimensional (3D) methods to record clinical tooth 
displacement and bony changes are Cone-Beam Computed Tomography (CBCT) scans 
and digital dental casts. Methods have been developed to quantify tooth and bone 
changes using these records [25, 29-30, 35-36, 64]. A general scheme for 3D image 
analysis usually has four major steps (Figure 3.1).  
 
 
 
Figure 3.1. A general scheme for 3D image analysis. 
 
The first step is to scan the casts or patients and reconstruct the raw images or 
data sets. During this step, 3D objects may be created and the images or models may be 
reoriented to a standard position. The outcomes of this step are the 3D digital models 
which can be used to quantify tooth movement and bony changes. 
 
The second step is to setup coordinate systems and identify landmark points. An 
appropriate coordinate system is essential to 3D analysis. It can simplify the analysis 
process and make the final outcomes more meaningful and useful. As in 2D 
cephalometric analysis, landmark identification is the base for all analysis in 3D. 
Accurate and consistent landmarks contribute much to analysis accuracy. 
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The third step is to superimpose 3D models. After this step, the models are in 
comparable positions, and the treatment and/or growing related changes can be traced. 
 
The last step is to calculate the changes between different models or to quantify 
the parameters clinicians want through measuring important anatomical markers on the 
superimposed model. 
 
Based on 3D models and clinical case selection, the technical details of 3D image 
analysis methods may be quite different. However, the general scheme is the same. In 
this study, maxillary digital dental casts were used to quantify canine movement; and 
Cone-Beam Computed Tomography (CBCT) models were chosen for quantification of 
both maxillary anchorage loss and skeletal landmark movement. 
3.1. Image Reconstruction 
3.1.1. 3D Laser Scanning of Dental Cast 
To digitize dental casts, a 3D scan of the casts was performed using an OPTIX 
400S
®
 (3D Digital Corp., Sandy Hook, CT, US) 3D laser scanner (Figure 3.2).  The 
highest resolution (0.06 mm) was used to get the best representation of the surfaces [65]. 
 
 
 
Figure 3.2. OPTIX 400S
® 
3D laser scanner. 
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The entire model was reconstructed from seven to nine images taken from 
different directions, Figure 3.3. For the seven images, images a and b were from the 
occlusal surfaces of the teeth and the palatal area, each one focuses on one side; image c 
was taken from the front to cover the outside surfaces of the incisors; images d and e 
were focused on the left buccal surfaces, and similarly images f and g were of the right 
buccal. Occasionally, one or two images were added to improve quality. The images had 
overlapping regions for registration and merging.  
 
 
 
Figure 3.3. Seven images taken from different directions. 
 
The reconstruction was done with RapidForm
®
 (INUS Technology Inc., Seoul, 
South Korea), reverse engineering software. There are two steps in model reconstructing, 
registrating and merging [66]. Registration is the process that aligns two or more shells 
on the basis of the coordinate of a fixed shell. It calculates the exact position of each shell 
by utilizing some common geometric features between them. These geometric features, 
also called corresponding points, are specified by the user. After registration, the shells 
which have been aligned are merged together. During the merging process, overlapped 
regions on the shells are removed effectively and neighboring boundaries are stitched 
together with newly added polygons. The result and accuracy of shells are still 
maintained after merging. 
(a) (b) (c) 
(d) (e) (f) (g) 
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3.1.2. Cone-Beam Computed Tomography (CBCT) 
CBCT, also known as Cone-Beam Volumetric Tomography (CBVT), has become 
widely used in orthodontics. CBCT scanners can image the mandible and maxilla at the 
same time, thus the patient only needs to be exposed one time for both jaws. The CBCT 
machine used in both of the presented studies is i-CAT
®
 (Imaging Science International, 
Hatfield, PA). Based on the requirements of the applications, different resolutions and 
scanning times were selected. Because of concerns about radiation exposure, especially 
with young patients, the scans were generally only taken at the beginning and at the end 
of treatment. 
 
The CBCT images were processed with MIMCS
® 
(Materialise Group, Leuven, 
Belgium). Figure 3.4 shows a typical MIMICS
®
 browser.  In the default configuration, 
the images appear in a four-view window [67].  
 
 
 
Figure 3.4. CBCT image shown in a MIMCS
®
 window. 
(a) coronal view, (b) axial view, (c) sagittal view, and (d) 3D view 
 
Due to the complicated geometry and non-uniform density distribution of the 
bone and teeth, there is no automatic way to do segmentation. In this study, bone and 
(a) (b) 
(c) (d) 
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teeth were manually reconstructed by using the tools provided by MIMICS
®
. The first 
step was to set an appropriate threshold to make the segmentation object contain only 
those pixels between the upper and lower thresholding limits. If the threshold range is too 
large, the segmented object will contain much noise and there will be more operator 
intervention needed. If the threshold range is too small, some details may be lost. In this 
study, the criterion for thresholding was to cover as much as possible the region of 
interest. After threshold selection, the cross-sections of the CBCT images were carefully 
examined. Intervention was needed when clear boundaries were not observed in the 
cross-sections. After clarifying the boundaries and segmenting the structures of interests 
from the surrounding tissues, 3D objects were created. 
3.2. Coordinate Systems 
3.2.1. Coordinate Systems on Maxillary Digital Dental Casts 
In the maxillary digital dental cast method to quantify canine movement, two 
coordinate systems were used: the global coordinate system (GCS) and the canine 
coordinate system (CCS). Both were defined on the pre-treatment cast. GCS was used to 
correlate the results with traditional cephalometrics; while CCS was used to show 
movements in the mesial-distal (M-D), buccal-lingual (B-L), and occlusal-gingival (O-G) 
directions, which are commonly used in the clinic. 
 
 GCS was a modified version of the coordinate system proposed by Ashmore et al. 
(2002) [24] and Cha et al. (2007) [26]. GCS was defined based on seven landmarks 
(Figure 3.5 (a)). The origin was at the crossing point of the median raphe and the base of 
the incisive papillae. The sagittal plane was made up of that origin and two arbitrary non-
co-linear points on the mid-palatal suture. The horizontal plane was through the origin 
and parallel to the posterior occlusal plane. The posterior occlusal plane was constructed 
by connecting the two second premolar buccal cusp tips and two first molar mesial-
buccal cusp tips using the principal component analysis best-fitting method [24, 26]. The 
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frontal plane included origin of GCS and was perpendicular to both the sagittal and 
horizontal planes. The intersections of the three planes form three axes defined as: x-axis, 
antero-posterior direction; z-axis, vertical direction; and y-axis, transverse direction. In 
the position shown in Figure 3.5 (b), the positive x points to the right; the positive y 
points to the posterior; and the positive z points superiorly. 
 
 
 
Figure 3.5. Global coordinate system (GCS) definitions. 
 
 CCS origin was defined at canine crown center, the bisection of its two proximal 
contact points (Figure 3.6). The x and y axes formed a plane that was parallel to the 
occlusal plane. On the left canine, Figure 3.7 (a), the positive x, y and z directions were in 
buccal, distal, and apical directions, respectively. On the right canine, Figure 3.7 (b), they 
were in buccal, mesial, and apical directions, respectively. 
 
 
 
Figure 3.6. Definition of center of crown. 
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Figure 3.7. Canine coordinate system (CCS) definitions. 
 
To be consistent, the displacement components on the right CCS were converted 
to be expressed on the left CCS. The clinically used terms that describe the displacements 
were shown in Table 3.1 and Figure 3.8. 
 
Table 3.1. Displacement component definitions. 
 
Translation Rotation 
Positive x Buccal Positive x Distal tipping 
Negative x Lingual Negative x Mesial tipping 
Positive y Distal Positive y Lingual tipping 
Negative y Mesial Negative y Buccal tipping 
Positive z Intrusion Positive z Crown mesial out 
Negative z Extrusion Negative z Crown mesial in 
 
 
 
 
 
Figure 3.8. Left CCS and corresponding clinical terms. 
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The relationship between CCS and GCS was defined in 3.1, where x, y, and z are 
the unit vectors of the 3 axes in GCS; x’, y’, and z’ are the unit vector of the 3 axes in 
CCS; and θ is the angle between the positive GCS y-axis direction and distal direction of 
each canine. 
   [
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]         .                       (3.1) 
3.2.2. Coordinate Systems on CBCT Models 
Before setting up the coordinate system on CBCT models, the patient’s head in 
the scan must be in the standard anatomical position. To standardize head position, 
CBCT images were orientated in MIMICS
®
. A transverse reference plane was defined by 
connecting the Nasion (N) and the right and left frontozygomatic (FZ) points (Figure 
3.9). The frontozygomatic point was defined as the most anterior point where the 
zygomatic bone and the zygomatic process of the frontal bone meet. The orientation was 
based on the transverse plane which needs to be perpendicular to skull sagittal plane. 
After reorientation, a coordinate system was assigned automatically by the software. 
 
 
 
Figure 3.9. Landmarks to reorient head model in a standard position. 
3.2.2.1. Coordinate System for Maxillary Tooth Movement Quantification 
The coordinate system for maxillary tooth movement quantification, the Upper 
Jaw Coordinate System (UCS) was attached to the hard palate in pre-treatment upper jaw 
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model. The origin of UCS was at the incisive foramen; the three axes were parallel to the 
coordinate system axes assigned by the software. The UCS was shown in Figure 3.10. 
 
 
 
Figure 3.10. Upper jaw coordinate system (UCS) on CBCT. 
3.2.2.2. Coordinate Systems for Skeletal Landmark Movement Quantification 
There were two coordinate systems, the cranial base coordinate system (CBCS) 
and the mandible coordinate system (MCS), used to quantify skeletal landmark 
movements. Both were attached to the pre-treatment model. CBCS was used to show 
changes face relative to the cranial base, and MCS was used to quantify the absolute 
movements of the mandibular landmarks. 
 
 The origin of CBCS was at the nasion (N) point. The three axes were created 
according to the right-hand rule and defined as follows: the x-axis is parallel to the line 
connecting the right and left frontozygomatic points; the y-axis is perpendicular to the x-
axis and parallel to the right Frankfort horizontal line; and the z-axis is perpendicular to 
the x and y axes (Figure 3.11). Their positive values are to the left of, posterior to, and 
superior to the Nasion point of the subject.  
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Figure 3.11. Cranial base coordinate system (CBCS). 
 
To set up MCS, first, the mandible sagittal plane was established. It was based on 
the bisection point of the right and left inferior border of corpus points, the bisection 
point of the right and left gonion points, and the bisection point of right and left 
condylion points (Figure 3.12 (a)). The origin of MCS was at the pogonion (Pog) point. 
The MCS x-axis was perpendicular to the sagittal plane. Its y-axis was defined as the 
projection of the CBCS y-axis onto the MCS sagittal plane, perpendicular to the MCS x-
axis. The MCS z-axis was perpendicular to MCS x- and y-axes, following the right-hand 
rule (Figure 3.12 (b)). 
 
 
 
Figure 3.12. Mandibular sagittal plane and coordinate system (MCS). 
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3.3. Superimposition 
There are three major 3D superimposition sites. One is superimposition on the 
anterior cranial base surface (Figure 3.13 (a)). Another is on the palatal rugae area for 
dental cast [68-69] (Figure 3.13 (b)); and on the anterior inner curve of the hard palate for 
CBCT models (Figure 3.13 (c)). The third is on a stable portion of the mandible that 
surrounds the inferior alveolar canal and the outer and inner cortical plates of the chin, 
excluding the region surrounding the B point and the inferior border of the chin (Figure 
3.13 (d)). 2D and 3D superimpositions and their applications are summarized in Table 
3.2. 
 
 
 
Figure 3.13. Three major 3D superimpositions. 
 
 
Table 3.2. Comparison between 2D and 3D superimpositions. 
 
2D 
Superimposition 
3D Superimposition 
Application 
Digital Dental Cast CBCT 
anterior cranial 
base along the SN 
line 
 anterior cranial base 
surface 
overall change 
patterns of the 
face 
maxilla palatal rugae area anterior inner curve 
of the hard palate 
maxillary teeth 
changes relative to 
maxilla 
mandible  mandibular natural 
stable structure 
condyle and 
mandibular teeth 
changes relative to 
mandible 
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The algorithm implemented for superimposition is called the Iterative Closest 
Point (ICP) method. ICP is a surface-based registration method that employs geometric 
optimization algorithm that precisely aligns the 3D polygon mesh data sets of the digital 
models [35, 70]. Using ICP for digital model superimposition handles the full six degree 
of freedom. The ICP method is also independent of shape representation, which handles 
images represented by different geometric elements (i.e., sets of points, line segments, 
parametric curves, implicit curves, triangles, parametric surfaces, or implicit surfaces). 
 
The ICP algorithm works as follows: given two 3D point sets, find the 
transformation that brings one dataset into the best possible alignment with the other 
dataset. The key is to compute the optimal transformation [T] by iteratively finding a 
local minimum of a mean-square distance metric. In this implementation, the cost 
function is defined as the mean of the least distances from the vertices of one dataset to 
the other.  
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where T is a rigid transformation matrix, N is the number of points, xi is a vertex of the 
first dataset and pi is a vertex of the second dataset that is the closest to xi. This process 
converges when the mean squared error (MSE) stops improving. The optimal 
transformation produces the minimum MSE that measures the difference of the two data 
sets in consecutive steps. The transformation matrix, T (3.3), between the data sets in two 
positions is the accumulative matrix calculated from the matrices of every step. The unit 
vectors representing coordinate axes in the first dataset are x, y, and z; and in second 
dataset they are x’, y’, and z’. The projections of x’ on x, y and z axes are called direction 
cosines, xx 'cos , yx 'cos  and zx 'cos . Similarly, the projections of y’ on x, y and z axes 
are xy 'cos , yy 'cos , and zz 'cos ; and the projections of z’ are xz 'cos , yz 'cos , and 
zz 'cos . xd , xd , and xd  are the three translation components. 
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3.4. Anatomical Changes Calculation 
 After superimposition, the before-treatment model (BTM) and the post-treatment 
model (ATM) were in the comparable position. Then, the displacement of teeth and 
landmarks were calculated. 
3.4.1. Tooth Displacement Calculation 
The ICP program was used again to calculate the transformation matrix between 
the same tooth’s pre- and post-treatment positions. The six components of the 
displacement can be calculated from the entities of the transformation matrix. 
 
There are two types of coordinate system involved in this step, the coordinate 
system which is usually assigned by the image processing software (SCS), and the 
coordinate systems which were defined based on anatomical landmarks and structures 
(LCS). Based on the choice of 3D models and treatments, LCS could be one of the GCS, 
CCS, or UCS shown in Section 3.2.1 and 3.2.2.1. 
 
To depict the 3D rotation, three angles were defined to delineate the angle “about 
x-axis”, “about y-axis”, and “about z-axis”. Figure 3.14 shows the definition of the three 
angles, where XYZ is the LCS on the BTM, X’Y’Z’ is the LCS on the ATM2. The about 
x-axis angle is approximately defined as the angle between the two z-axes projected onto 
the YZ plane in the LCS on the BTM; similarly the about y-axes angle is defined as the 
angle between the two z-axes projected on the ZX plane in the LCS on the BTM; while 
the about z-axis angle is defined as the angel between the two y-axes projected on the XY 
plane in the LCS on the BTM. 
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Figure 3.14.  The definition of rotation angles in tooth displacement calculation. 
 
A Matlab
®
 (MathWorks, Natick, MA) script was used to do the calculation. The 
transformation matrix is the input of the script. The matrix is first applied to the definition 
of LCS in BTM, which means the coordinate of the origin, the direction vectors of the 
axes, to obtain the definition of the LCS in the aligned ATM on the same structure. Then, 
the transformation matrix between SCS and BTM LCS is calculated by using the 
definition of BTM LCS. The distance and rotation angles in BTM LCS are calculated by 
using the following equations. 
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where O1 is the origin of the LCS in BTM; O2 is the origin of the LCS in ATM; T is the 
transformation matrix between the two positions (Section 3.3, 3.3); Mr is the 3 x 3 
rotation matrix between the LCS and the SCS in BTM; x, y, z are the unit vector of the 3-
axis in the LCS in BTM; x
T
, y
T
, and z
T
 are the transposes of x, y, z; d is the vector in the 
LCS in BTM between O1 and O2; x’, y’, z’ are the unit vector of the 3-axis in the LCS in 
ATM and are expressed in the LCS in BTM; R is a 3 x 3 rotation matrix between the two 
positions; and α, β, γ are the rotations about x-, y-, z-axis respectively. The three 
components of d represent the x, y, and z displacement respectively. 
3.4.2. Landmark Displacement Calculation 
 Landmark displacement was calculated by using the coordinates of the same 
landmark in pre- and post-treatment positions. The calculation was done in either CBCS 
(displacement relative to cranial base) or MCS (displacement relative to mandible) 
(Section 3.2.2.2). The rotation of the vector between the coordinate system origin and the 
landmark, “about x-axis”, “about y-axis”, and “about z-axis”, were defined in Figure 
3.15. Pi and Pf are the pre- and post-positions of a landmark.   
  ,   
  , and   
   are the 
projections of Pi onto the YZ plane, ZX plane, and XY plane; and    
  ,   
  , and   
   are 
the projections of Pf onto the YZ plane, ZX plane, and XY plane. α, β, γ are the rotations 
about x-, y-, z-axis respectively. When the rotations of the vector between the coordinate 
system origin and the landmark are used later, they are called as the rotation of the 
corresponding landmark for simplification.  
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Figure 3.15. The definition of vector rotations in landmark displacement calculation. 
 
 The displacement of a landmark P was calculated by using the following 
equations. 
        .                        (3.13) 
       (    ⁄ )     
  (    ⁄ ) .               (3.14) 
       (    ⁄ )     
  (    ⁄ ) .                (3.15) 
       (    ⁄ )     
  (    ⁄ ) .               (3.16) 
where d is the translation vector between pre- and post-treatment positions; Pi is the 
landmark in pre-treatment position; Pf is the landmark in post-treatment position; xi, yi, 
and zi are the x, y and z coordinates of Pi; xf, yf, and zf are the x, y and z coordinates of 
Pf; and α, β, γ are the rotations of the vector between the origin and the landmark about 
x-, y-, z-axis respectively. 
3.5. Quantification of Maxillary Tooth Movement 
Based on the technical details presented in Section 3.1 to 3.4, the procedures used 
to quantify maxillary tooth movement by using digital dental casts and CBCT models are 
summarized in Figure 3.16 and 3.17. 
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The digital dental cast procedure (P1) started with the 3D laser digitizing of the 
dental casts which were then reconstructed into 3D models; then the GCS and CCS were 
defined on the pre-treatment model. Next, the pre- and post-treatment models were 
superimposed on the palatal rugae region; the last step was to calculate tooth movements 
based on the transformation matrix between the pre- and post-treatment positions of the 
tooth. Figure 3.16 showed the workflow. 
 
 
 
Figure 3.16. Workflow of digital dental cast procedure (P1). 
 
The first step of the CBCT maxillary tooth movement procedure (P2) was to 
standardize the head position in the CBCT scans. The second step was to separate the 
upper jaw and the target teeth from the rest of the image, and to create 3D models. The 
third step was to define UCS on the pre-treatment upper jaw model. Next, the pre- and 
post-treatment models were superimposed on the anterior inner curve of the hard palate, 
followed by the calculation of the tooth movement. Figure 3.17 shows the workflow of 
P2. 
 
 
 
Figure 3.17. Workflow of CBCT maxillary tooth movement procedure (P2). 
3.6. Quantification of Skeletal Landmark Movement 
The skeletal landmark movement quantification procedure (P3) began with a 
standardized patient head position. Then, the quantification of landmark movements took 
two paths. One was performed relative to the anterior cranial base, the other relative to 
the mandibular stable structure. Figure 3.18 shows the workflow of P3. The anterior 
cranial base route consisted of defining CBCS, superimposing pre- and post-treatment 
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skull models, and calculating landmark movements relative to anterior cranial base. The 
mandible route involved setting up the mandible sagittal plane, defining MCS, 
superimposing pre- and post-treatment mandible models, and calculating landmark 
movements relative to the mandible stable structure. 
 
 
 
 
Figure 3.18. Workflow of CBCT skeletal landmark procedure (P3). 
3.7. Validation 
3.7.1. CBCT Model Consistency Validation 
Since the CBCT scan settings were the same in all cases, the validation 
experiment was performed only for the segmentation process by repeating the process 
five times for an incisor, a canine, a premolar and a molar. In each process, the 
segmentation settings were the same, so the only potential source of error was the human 
interference when the tooth boundaries needed to be cleaned-up manually. After each 
segmentation process, the surface area and volume were measured using tools provided 
by MIMICS®. Table 3.3 shows the standard deviations in the measurements. Since they 
are all less than 0.4% of the average value, the variation between different segmentation 
models is small, and therefore it can be concluded that the 3D CBCT models are 
consistent. 
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Table 3.3. The means and standard deviations of five repetitive measurements. 
 
 
Incisor Canine Premolar Molar 
Volume (mm
3
) 
Ave. 379.98 528.45 408.11 913.84 
Std. 1.66 1.03 0.56 2.04 
Surface Area (mm
2
) 
Ave. 355.67 494.85 437.40 973.98 
Std. 1.35 0.69 0.46 1.28 
3.7.2. Quantification of Maxillary Tooth Movement Procedure Validation 
3.7.2.1. Digital Dental Cast Procedure (P1) Validation 
To assess the errors and variations in the digital dental cast procedure (P1), two 
experiments were performed [35]. In one, a single cast was digitized twice, each was 
reconstructed five times, and the canine displacements (which, in theory, should be zero) 
were calculated using P1. In the second experiment, two digital cast models were created 
from two scans of the same dental cast. The first cast model (considered to be the pre-
treatment model) was constructed from the original scan. The second model (considered 
as the post-treatment model) was created after the left canine crown in the second scan 
was artificial moved according to each of the two prescribed displacement cases, Table 
3.4. The canine displacements were calculated using P1 and compared with the 
prescribed values. The entire process repeated five times, and the errors and variations 
were assessed. 
 
Table 3.4. Prescribed tooth displacements. 
 
 Translation along Rotation about 
Experiment 1 0 0 
Experiment 2 
Case 1 z: 2.00mm z: 5.00° 
Case 2 z: 2.00mm 
x: 5.00° 
y: 5.00° 
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Estimations of errors and variations of P1 are shown in Tables 3.5 and 3.6. With a 
zero prescribed displacement in the first experiment, the maximum average calculated 
translation and rotation were 0.26 mm (+ 0.06 mm) and 1.33° (+ 0.08°) (Table 3.5). 
These are considered as the noise level of P1. Any linear and angular displacements that 
are smaller than these would be considered unreliable. For case 1 in the second 
experiment, with a 2 mm and 5
o
 prescribed displacement, the average measured 
translation was 1.83 mm (+ 0.08 mm) and 4.40° (+ 0.08°). For Case 2, with the 
prescribed 2 mm translation in the z direction and 5° prescribed rotations about the x and 
y axes, the calculated displacement components were 1.70 mm (+ 0.05 mm) along the  z 
axis, 6.29° (+ 0.09°) about the x axis, and 6.32° (+ 0.07°) about the y axis. The average 
errors were 10% and 13% in translation and rotation, respectively (Table 3.6). 
 
By using P1, all six displacement components relative to the palatal rugae region 
were quantified. The maximum standard deviations were 0.08 mm for translation and 
0.10° for rotation. Since these variations are smaller than those that are clinically 
detectable, thus improves the quantification of tooth displacement, and thus it is the best 
estimates available. The maximum translational error was 0.37 mm, and the rotational 
error was 1.40°, which are hard to detect visually in the clinic. The maximum 
translational error was 18.5% of the prescribed value, and the maximum rotational error 
was 28.0%, Table 3.6. 
 
Table 3.5. Results for canines with zero prescribed displacement. 
 
 Translation (mm) Rotation (°) 
x y z x y z 
1 0.24 -0.11 -0.15 1.36 -0.57 1.21 
2 0.23 -0.29 -0.07 1.12 -0.62 1.36 
3 0.34 -0.20 -0.16 1.33 -0.68 1.40 
4 0.19 -0.09 -0.12 1.24 -0.48 1.29 
5 0.30 -0.24 -0.12 1.28 -0.61 1.39 
Average 0.26 -0.19 -0.13 1.26 -0.59 1.33 
Standard 
deviation 
0.06 0.08 0.04 0.10 0.08 0.08 
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Table 3.6. Results for canines with prescribed displacements. 
(Tz: Translation along z axis; Rx, Ry, and Rz: Rotation about x, y, and z axes) 
 
 Case 1 Case 2 
Tz (mm) Rz (°) Tz (mm) Rx (°) Ry (°) 
1 1.89 4.43 1.74 6.38 6.22 
2 1.71 4.38 1.71 6.15 6.36 
3 1.81 4.31 1.67 6.36 6.33 
4 1.91 4.52 1.75 6.26 6.30 
5 1.85 4.39 1.63 6.31 6.40 
Average 1.83 4.41 1.70 6.29 6.32 
Standard 
deviation 0.08 0.08 0.05 0.10 0.07 
Error 0.17 0.59 0.30 1.29 1.32 
3.7.2.2. CBCT Maxillary Tooth Movement Quantification Procedure (P2) Validation 
To assess the errors and variations of CBCT maxillary tooth movement 
quantification procedure (P2), one volunteer was scanned with i-CAT
®
 CBCT machine 
(resolution 0.25 mm) twice in two weeks with no orthodontic treatment. Two mandible 
models were created from the two sets of CBCT images. The first set was considered as 
pre-treatment (B1) and the second as post-treatment (A1) with no tooth displacement. A 
third model (A2) was created by artificially displacing left 2
nd
 premolar and 1
st
 molar of 
A1 to simulate displacements from orthodontic treatment. The teeth were digitally 
displaced individually by using the MIMICS software with prescribed displacements 
(Table 3.4). Similar to the validation process described in Section 3.7.2.1, two 
experiments were used. The first experiment was the 2
nd
 premolar and 1
st
 molar 
movement quantification with models B1 and A1, and no movement was expected. The 
second experiment was the movement quantification with models B1 and A2, and the 
calculated movements were compared with the prescribed displacements. For both 
experiments, the whole processes were repeated five times. 
 
Estimations of errors and variations of P2 were shown in Tables 3.7-3.10. With a 
zero prescribed displacement in the first experiment, the maximum average calculated 
translation and rotation were 0.01 mm (+ 0.06 mm) and 0.32° (+ 0.04°) for 2
nd
 premolars 
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(Tables), and 0.04 mm (+ 0.07 mm) and 0.09° (+ 0.11°) for 1
st
 molars. The noise levels 
of P2 were 0.04 mm (+ 0.07 mm) for translation and 0.32° (+ 0.04°) for rotation. Any 
linear and angular displacements that are smaller than these would be considered 
unreliable. For case 1 in the second experiment, with a 2 mm and 5
o
 prescribed 
displacement, the average translations were 1.99 mm (+ 0.06 mm) for 2
nd
 premolar and 
1.96 mm (+ 0.07 mm) for 1
st
 molar; and the average rotations were 4.74° (+ 0.04°) for 2
nd
 
premolar and 5.03° (+ 0.03°) for 1
st
 molar. For Case 2, with the prescribed 2 mm 
translation in z axis and 5° prescribed rotations about the x and y axes, the calculated 
displacement components were 1.99 mm (+ 0.06 mm) along z axis, 4.81° (+ 0.10°) about 
x axis, and 5.03° (+ 0.07°) about the y axis for 2
nd
 premolar; and the calculated 
displacement components were 1.99 mm (+ 0.07 mm) along z axis, 4.94° (+ 0.10°) about 
x axis, and 5.05° (+ 0.03°) about the y axis for 1
st
 molar (Tables 3.9 and 3.10). 
 
By using P2, all six displacement components relative to the anterior inner curve 
of the hard palate were quantified. The maximum standard deviations were 0.07 mm for 
translation and 0.11° for rotation which are smaller than the displacement that are 
visually detectable clinically, thus providing improved quantification of tooth 
displacements. The accuracy is acceptable. The maximum translational error was 0.13 
mm, and the rotational error was 0.30°, which cannot be detected visually in the clinic. 
The maximum translational error was 6.5% of the prescribed value, and the maximum 
rotational error was 6.0%, Table 3.9 and 3.10, which were smaller than those obtained 
from the dental casts.  
 
Table 3.7. Results for 2
nd
 premolars with zero prescribed displacement. 
 
 
Translation (mm) Rotation (°) 
x y x y x y 
1 0.04 0.04 -0.02 0.15 -0.01 0.26 
2 0.02 0.02 0.08 0.27 -0.02 0.34 
3 0.02 -0.05 -0.05 0.02 -0.05 0.36 
4 0.00 -0.01 -0.03 0.12 0.01 0.35 
5 -0.02 0.04 0.06 0.27 0.02 0.28 
Average 0.01 0.01 0.01 0.17 -0.01 0.32 
Std 0.02 0.04 0.06 0.11 0.03 0.04 
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Table 3.8. Results for 1
st
 molars with zero prescribed displacement. 
 
 
Translation (mm) Rotation (°) 
x y x y x y 
1 0.04 0.04 0.01 0.07 -0.05 -0.07 
2 0.00 0.02 0.13 0.19 -0.06 0.01 
3 0.02 -0.05 -0.04 -0.06 -0.09 0.02 
4 0.00 -0.01 -0.01 0.04 -0.03 0.01 
5 -0.02 0.04 0.10 0.19 -0.01 -0.05 
Average 0.01 0.01 0.04 0.09 -0.05 -0.02 
Std 0.02 0.04 0.07 0.11 0.03 0.04 
 
 
 
Table 3.9. Results for 2
nd
 premolars with prescribed displacements. 
(Tz: Translation along z axis; Rx, Ry, and Rz: Rotation about x, y, and z axes) 
 
 Case 1 Case 2 
Tz (mm) Rz (°) Tz (mm) Rx (°) Ry (°) 
1 2.02 4.80 2.01 4.83 5.03 
2 1.92 4.71 1.92 4.71 5.05 
3 2.05 4.70 2.05 4.96 5.08 
4 2.03 4.71 2.03 4.86 5.02 
5 1.94 4.77 1.95 4.72 4.99 
Mean 1.99 4.74 1.99 4.81 5.04 
Standard 
deviation 
0.06 0.04 0.06 0.10 0.03 
Error 0.01 0.26 0.01 0.19 0.04 
 
 
Table 3.10. Results for 1
st
 molars with prescribed displacements. 
(Tz: Translation along z axis; Rx, Ry, and Rz: Rotation about x, y, and z axes) 
 
 Case 1 Case 2 
Tz (mm) Rz (°) Tz (mm) Rx (°) Ry (°) 
1 1.99 5.09 2.02 4.95 5.04 
2 1.87 5.01 1.90 4.83 5.06 
3 2.04 5.00 2.07 5.08 5.09 
4 2.01 5.00 2.04 4.98 5.03 
5 1.90 5.07 1.93 4.84 5.01 
Mean 1.96 5.03 1.99 4.94 5.05 
Standard 
deviation 
0.07 0.04 0.07 0.10 0.03 
Error 0.04 0.03 0.01 0.06 0.05 
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3.7.3. Quantification of Skeletal Landmark Movement Validation 
A human dry skull was used to validate the skeletal landmark movement 
quantification procedure (P3). Sixteen titanium balls (0.8mm in diameter) were glued to 
the dry skull at selected anatomical locations (Figure 3.19 (a)). Titanium balls served as 
landmarks to avoid potential identification errors. With maximum intercuspation, the dry 
skull was scanned using i-CAT® CBCT machine at 0.3 mm resolution in enhanced 
portrait mode. The mandible was then slightly (~8 mm) opened and a small amount of 
bite registration material (EXABITE II NDS® vinyl polysiloxane) (GC America Inc., 
Alsip, IL) was injected between the upper and lower dentitions (Figure 3.19 (b)). Then, a 
second CBCT scan was taken with the same settings. With different regions of 
superimposition, the displacements of the landmarks were quantified on the digital 
models of the closed and open jaw configurations.   
 
 
 
Figure 3.19. Dry skull. 
(a) Dry skull CBCT scan with landmarks; (b) Dry skull with bite registration crème 
 
Two whole skull digital models before (SK1) and after (SK2) jaw-opening were 
used for the cranial base superimposition. Two mandibular digital models before (MD1) 
and after (MD2) jaw-opening were used for the mandible superimposition. 
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To quantify the overall change of the face, SK1 and SK2 models were 
superimposed on the anterior cranial base; and the movements of all eleven landmarks 
were calculated relative to the Nasion (Figure 3.20). To quantify landmark movements 
relative to the mandible, MD1 and M2 were superimposed on the mandible stable 
structures; and the movements of eight mandible landmarks were calculated relative to 
pogonion (Pog). The entire process was repeated five times. 
 
 
 
Figure 3.20. Landmarks. 
ML Con: medial and lateral poles; Con: condylion; Go: gonion; B: B point; Pog: 
pogonion; Me: Menton; ANS: anterior nasal spine; and A: A point 
 
The prescribed landmark movements relative to the anterior cranial base were 
obtained as follows: first, two whole skull digital models (SK1 and SK2) were 
superimposed by using the four markers glued on the anterior cranial base bones (Figure 
3.21); second, the movements of each landmark were calculated by using the coordinates 
of the same point in the two models. The prescribe landmark movements relative anterior 
cranial base were shown in Table 3.11. When the second CBCT scan was taken with the 
mandible slightly open, the entire mandible was moved. So, ideally, there were no 
relative movements of the landmarks with superimposition on mandible. The prescribed 
landmark movements relative to the mandible were all zero. 
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Figure 3.21. Four markers on anterior cranial base. 
 
Table 3.11. Prescribe landmark movements relative to anterior cranial base 
(RL = left and right). 
 
 
Translation (mm) Rotation (°) 
x y z x y z 
B 8.19 2.00 1.00 -1.05 1.67 0.22 
Pog 8.82 3.83 0.00 -2.37 1.80 1.31 
Me 8.84 4.87 0.00 -2.97 1.71 1.59 
R Go 3.50 4.24 1.00 -0.91 0.05 0.78 
L Go 2.40 4.04 1.00 -1.14 0.30 0.89 
R ML Con 0.05 0.24 0.00 -0.04 0.01 0.05 
L ML Con 0.03 -0.05 0.00 0.01 0.01 -0.02 
R Con -0.07 -0.15 0.00 0.03 -0.02 -0.02 
L Con -0.02 -0.05 0.00 0.01 -0.01 -0.01 
A 0.29 0.32 0.00 -0.18 0.10 0.13 
ANS 0.30 0.16 0.00 -0.09 0.11 0.02 
 
Estimations of errors and variations of P3 were shown in Tables 3.12-3.14. The 
maximum differences between the average calculated landmark movements and the 
prescribed movements relative to anterior cranial base were 0.94 mm (+ 0.08 mm) for 
translation (R Con, z direction translation) and 0.63° (+ 0.03°)  for rotation (R con, x 
direction rotation) (Tables 3.12 and 3.13). With zero prescribed movements relative to 
the mandible, the maximum absolute values of average calculated translation and rotation 
were 1.21 mm (+ 0.15 mm) and 0.62° (+ 0.21°) (Table 3.14).  
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Compared with the CBCT maxillary tooth movement quantification procedure 
(P2) whose validation results were shown in Section 3.7.2.2, the maximum standard 
deviations and errors were significantly increased for both translations and rotations. The 
maximum standard deviation for translations was increased from 0.07 mm to 0.62 mm, 
and for rotations was increased from 0.11° to 0.21°. The maximum error for translations 
was increased from 0.13 mm to 1.45 mm, and for rotations was increased from 0.30° to 
0.63°. The main reason for the error and variation increase is the difficulty in identifying 
3D landmark points accurately and consistently.  
 
With P3, all six displacement components of the landmarks relative to the anterior 
cranial base region and mandible stable structure were quantified. The maximum 
standard deviations were 0.62 mm for translation and 0.21° for rotation. The variation is 
smaller than that is visually detectable clinically. The accuracy is acceptable. The 
maximum translational error was 0.94 mm, and the rotational error was 0.63°, which are 
hard to detect visually in the clinic, Tables 3.13 and 3.14. 
 
Table 3.12. Averages and standard deviations of landmark movements relative to anterior 
cranial base (RL = left and right). 
 
 
Translation (mm) Rotation (°) 
x y z x y z 
B 8.38 ± 0.24 2.35 ± 0.12 1.58 ± 0.04 -1.17 ± 0.06 1.54 ± 0.05 0.37 ± 0.03 
Pog 8.95 ± 0.22 3.73 ± 0.08 0.77 ± 0.05 -2.23 ± 0.05 1.61 ± 0.03 1.27 ± 0.02 
Me 9.16 ± 0.23 4.27 ± 0.07 0.01 ± 0.05 -2.6 ± 0.04 1.78 ± 0.03 1.34 ± 0.02 
R Go 3.97 ± 0.38 4.64 ± 0.10 0.82 ± 0.06 -1.15 ± 0.01 0.18 ± 0.02 0.83 ± 0.04 
L Go 2.82 ± 0.35 4.74 ± 0.07 1.28 ± 0.06 -1.31 ± 0.02 0.33 ± 0.06 1.04 ± 0.04 
R ML 
Con 0.49 ± 0.45 0.08 ± 0.22 -0.36 ± 0.07 -0.19 ± 0.02 0.31 ± 0.07 -0.13 ± 0.09 
L ML 
Con 0.36 ± 0.38 0.11 ± 0.17 0.45 ± 0.07 0.23 ± 0.04 -0.13 ± 0.1 -0.08 ± 0.08 
R Con -0.03 ± 0.45 -0.21 ± 0.21 0.95 ± 0.08 0.67 ± 0.03 -0.49 ± 0.1 -0.30 ± 0.09 
L Con -0.82 ± 0.41 -0.38 ± 0.18 0.15 ± 0.07 0.14 ± 0.04 -0.27 ± 0.11 0.17 ± 0.09 
A -0.13 ± 0.26 0.12 ± 0.21 -0.52 ± 0.02 -0.17 ± 0.11 0.12 ± 0.09 0.11 ± 0.06 
ANS 0.09 ± 0.27 0.16 ± 0.22 0.40 ± 0.02 0.00 ± 0.12 -0.09 ± 0.1 0.08 ± 0.06 
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Table 3.13. The difference between the average calculated landmark movements and the 
prescribed movements relative to anterior cranial base. 
 
 
Translation (mm) Rotation (°) 
x y z x y z 
B 0.19 0.35 0.57 0.12 0.13 0.14 
Pog 0.13 0.11 0.76 0.14 0.20 0.05 
Me 0.32 0.61 0.00 0.37 0.06 0.26 
R Go 0.46 0.39 0.18 0.24 0.12 0.05 
L Go 0.41 0.69 0.28 0.17 0.03 0.15 
R ML Con 0.43 0.16 0.37 0.16 0.30 0.18 
L ML Con 0.32 0.15 0.45 0.21 0.15 0.06 
R Con 0.04 0.07 0.94 0.63 0.47 0.29 
L Con 0.81 0.34 0.15 0.12 0.27 0.18 
A 0.42 0.20 0.52 0.01 0.02 0.02 
ANS 0.22 0.01 0.40 0.08 0.20 0.06 
 
Table 3.14. Averages and standard deviations of landmark movements relative to 
mandible (RL = left and right). 
 
 
Translation (mm) Rotation (°) 
x y z x y z 
B 0.37 ± 0.01 -0.27 ± 0.03 0.72 ± 0.1 0.26 ± 0.02 -0.13 ± 0.03 -0.17 ± 0.01 
Me 0.60 ± 0.05 -0.23 ± 0.15 -0.05 ± 0.05 0.04 ± 0.09 0.43 ± 0.01 -0.12 ± 0.06 
R Go 0.17 ± 0.39 0.36 ± 0.13 0.08 ± 0.04 -0.09 ± 0.06 -0.01 ± 0.05 0.09 ± 0.11 
L Go -0.16 ± 0.25 0.18 ± 0.2 0.57 ± 0.05 0.04 ± 0.07 -0.16 ± 0.05 0.09 ± 0.11 
R ML 
Con -0.75 ± 0.62 0.20 ± 0.18 -0.57 ± 0.15 -0.32 ± 0.09 0.18 ± 0.18 0.3 ± 0.15 
L ML 
Con -0.49 ± 0.38 -0.38 ± 0.07 0.21 ± 0.15 0.31 ± 0.04 -0.34 ± 0.11 0.05 ± 0.11 
R Con -0.80 ± 0.61 -0.99 ± 0.17 0.77 ± 0.16 0.54 ± 0.08 -0.62 ± 0.21 0.00 ± 0.15 
L Con -0.17 ± 0.44 -0.48 ± 0.11 -0.02 ± 0.16 0.12 ± 0.05 -0.35 ± 0.14 0.26 ± 0.12 
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4. IMAGE ANALYSIS IN CANINE RETRACTION STUDY 
4.1. Introduction 
Orthodontic space closure is a common procedure that requires the movement of a 
single tooth or a segment of teeth into edentulous spaces. Two treatment strategies are 
commonly used: (1) translation (TR), a one-step process or (2) controlled tipping (CT) 
followed by root correction, a two-step process. In this study, both strategies were 
implemented concurrently in patients who needed bilateral canine retraction. The study is 
intended to determine which strategy moves the canine faster into position with less side-
effect. 
 
A split mouth clinical experimental approach, approved by the Indiana University 
Institutional Review Board (IRB), was used with each patient. Randomly, one side 
received a segmental T-loop designed for controlled tipping, the other side for translation. 
Patients were scheduled for monthly appointments. A treatment interval (TI) was defined 
by milestones, i.e., a reduction of 1+ mm in the inter-bracket distance (IBD) of one side 
which was measured as the distance from the mesial aspect of the auxiliary tube of the 1st 
molar bracket to the distal aspect of the canine bracket. When a milestone was reached, a 
new T-loop was designed and reactivated for both sides. 
 
The goal of this study was to (1) quantify the treatment outcomes and side effects, 
such as unwanted displacement and anchorage loss; (2) compare the two strategies in 
terms of treatment time and side effects.   
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4.2. Subjects 
Fifteen patients (five male and ten female) participated in this split-mouth trial 
study at the Indiana University School of Dentistry graduate orthodontic clinic. The 
average age of the patients was 21.1 years, ranging from 14 to 47. These patients needed 
bilateral canine retractions to close extraction spaces as parts of their treatment plans. The 
average treatment period was 158.4 days, ranging from 75 to 357 days. 
 
 
 
Figure 4.1. Pictures of a potential patient. 
 
Maxillary dental casts were made before treatment and at each milestone; and a 
pair of Cone-beam Computed Tomography (CBCT) scans was taken before- and after-
treatment for each patient. The casts were digitized with an OPTIX 400S® 3D laser 
scanner, and the digital models of the cast were reconstructed with reverse engineering 
software, Rapidform®. The CBCT images were taken with i-CAT®. The scan resolution 
was 0.25 mm, taken at 26.9s. The images were saved as DICOM (Digital Imaging and 
Communications in Medicine) format files and processed by the MIMCS® image 
processing software. Figure 4.2 shows the digital cast model and CBCT model. 
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Figure 4.2. Dental cast and CBCT models. 
4.3. Hypotheses and Parameters 
The hypotheses for this study are: 
H4.1: Canines move linearly with respect to time.  
H4.2: Canine displacement pattern is uniquely controlled by the initial load system, 
including the moment force ratio (M/F). 
H4.3: Control tipping/uprighting moves the canine into position faster than translation. 
H4.4: There is no anchorage loss when a removable or fixed TPA appliance was applied. 
H4.5: Control tipping/uprighting strategy causes greater anchorage loss than translation 
strategy. 
H4.6: Fixed TPA reduces the amount of anchorage loss compared to removable TPA.  
 
These hypotheses were tested with the following parameters: 
Treatment interval (TI) displacement was the canine displacement within each TI. It 
was expressed in both global coordinate system (GCS, Section 3.2.1) and canine 
coordinate system (CCS, Section 3.2.1).  
 
Resultant TI displacement was defined in 4.1, where RDTI was the resultant 
displacement; xTI and yTI were the x and y direction translation components of 
corresponding TI displacement. 
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     √          .                    (4.1) 
 
Resultant displacement was defined in 4.2, where RD was the resultant movement; x 
and y were the x and y direction translation components of corresponding displacement. 
   √      .                      (4.2) 
 
Resultant Movement Rate is defined in 4.3, where RR was the resultant Movement 
Rate; RD was the resultant movement; and T was the number of days. 
   
  
 
 .                       (4.3) 
 
Movement rate in distal-mesial direction was defined in Eq. 4.4, where DR was the 
movement rate in mesial/distal direction; y was the mesial/distal direction translation 
components of a displacement expressed in CCS (section 3.2.1); and T was the number of 
days. 
   
 
 
 .                         (4.4) 
 
First molar displacement was the displacement of 1
st
 molar during the treatment. It was 
calculated from the before- and after-treatment CBCT models, and expressed in a 
rectangular coordinate system (UCS, Section 3.2.2.1) with six displacement components, 
three translations and three rotations. 
 
Second premolar displacement was the displacement of 2
nd
 premolar during the 
treatment. It was calculated by using the before- and after-treatment CBCT models, and 
expressed in a rectangular coordinate system (UCS, Section 3.2.2.1) with six 
displacement components, three translations and three rotations. 
 
TI displacement, resultant TI displacement, resultant TI movement rate, and TI 
movement rate in distal-mesial direction are used to test the hypotheses related to canine 
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movement (H4.1 to H4.3). First molar displacement and second premolar displacement 
are quantified for the hypotheses about anchorage loss (H4.4 to H4.6). 
4.4. Quantification of Canine Movement 
4.4.1. Canine Displacement and Movement Rate Quantification 
In each TI, two dental casts, one at the beginning (pre-TI) and one at the end 
(post-TI) were fabricated after alginate impression. Then the digital dental cast procedure 
(P1, Section 3.5 Figure 3.15) was used to calculate canine TI displacements and resultant 
TI displacements. After scanning and reconstructing, the two digital dental casts were 
aligned by overlapping the palatal (rugae) area. Next, the crowns of the canine in the two 
locations (pre-TI and post-TI) were aligned using the entire crown surface points. 
Transformation matrix between the two positions was calculated. Then the canine’s six 
displacement components in terms of translation along and rotation about the three 
coordinate axes were computed from the entries of the transformation matrix [35] and 
expressed in both global coordinate system (GCS, Section 3.2.1) and canine coordinate 
system (CCS, Section 3.2.1). The process repeated for each of the TIs. 
 
The resultant movement rates and movement rates in distal-mesial direction were 
determined by using Eq. 4.3 and 4.4 (Section 4.3). The displacements from the last 
treatment periods were not included because teeth movements were checked at patient’s 
office visits while the canine displacement might stop sometimes within the period, 
which was not recorded. This means that if a patient had n TIs, then the movement rate 
was calculated based on the sum of the first (n-1) TI displacements. 
 
The intrusion and extrusion are expected to be small and will be represented by 
the z-components in both GCS and CCS. Based on the coordinate system design, the z-
components in CCS had the same value as the corresponding z-components in GCS. 
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 The means and standard deviations of the TI displacements, resultant movement 
rates, movement directions, movement rates in distal-mesial direction and 
intrusions/extrusions were calculated. Differences in canine movement rates between 
controlled tipping side and translation side were compared with paired t-tests, since there 
was only one observation on each side for each subject. The equal-variance and normality 
assumptions were checked using normal probability plots (Figure 4.3). The normal 
probability plot was performed by using Matlab
®
. Differences were considered to be 
significant at p<0.05. 
 
 
Figure 4.3. Normal probability plots for movement rate data. 
 
4.4.2. Results and Discussion 
4.4.2.1. Canines Movement and Treatment Time (H4.1) 
 In order to find the relationship between canine movement and treatment time, 
linear regressions were performed on resultant TI displacements with respect to treatment 
time (Figure 4.4). The determine factor R
2
 were 0.0153 for controlled tipping, and 0 for 
translation, respectively. 
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Figure 4.4. Relationship between resultant TI displacements and treatment time. 
 
Studies on beagle dogs showed a four phase tooth movement [38, 41]: phase 1, 
initial tooth movement; phase 2, arrest of tooth movement; phase 3, acceleration of tooth 
movement; and phase 4, linear tooth movement. In the last phase of tooth movement, 
there was a linear relationship between tooth movement and treatment time. However, no 
human studies provided sufficient evidences to support this relationship in current 
literature [50]. In this study, the determined factors, R
2
, were close to 0 for both 
translation and controlled tipping data. This means that the relationship between tooth 
movement and treatment time is highly nonlinear. There were several possible reasons to 
explain this nonlinear result. First, the tooth movement data collected much more 
frequently in animal studies (twice a week). This made it possible to observe the detailed 
changes in tooth movement. Second, the appliances used for tooth movement was 
segmental T-loop in this study. As teeth moved, the forces and moments provided by 
segmental T-loops changed. Patients’ teeth movement might stop in the middle of a 
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treatment interval due to the force drop. Third, there was a large variation in tooth 
movement among patients. 
4.4.2.2. Canine Movement Pattern and Orthodontic Force System (H4.2) 
Teeth displacement pattern can be placed into three categories controlled tipping 
(CT), Translation (TR), and torque. Traditionally, the definition for CT was that as the 
tooth tips the root and crown move in the same direction; for TR was equal movement of 
crown and root; and for torque was that root apex moves further than crown [16].  
 
Since tipping or translation was randomly assigned to each side, side is not a 
controlled parameter. To be consistent, all the displacement components were expressed 
in CCS on the left side (Section 3.2.1). There were two groups defined by the appliance 
design, CT group or TR group. Specific appliances were designed for either CT or TR. 
Each patient experienced multiple treatment intervals (TIs) defined by milestones. It is 
possible that one canine on one side might have small displacement which much less than 
1 mm. After excluding the interval data with less than 0.3 mm mesial/distal 
displacements based on the translational noise level obtained from the digital dental cast 
procedure validation (Section 3.7.2.1), 78 data sets remained (42 data sets for CT and 36 
for TR). The means and standard deviations of the canine displacement components were 
calculated (Tables 4.1-4.4). 
 
A 3D tooth displacement consists of three translational and three rotational 
components. Translational components on the CT side were shown in Table 4.1. In the 
buccal/lingual direction, more TIs had buccal displacement than lingual (27 to 15 TIs). In 
mesial/distal direction, all the TIs have distal direction movements. In intrusion/extrusion 
direction, the number of TIs with intrusion displacement was very close to the number of 
TIs with extrusion displacement (20 to 22 TIs). The difference between the average 
buccal and lingual displacements was 0.1 mm; the difference between the average 
intrusion and extrusion displacements was 0.2 mm; while the difference between the 
average distal and mesial displacements was 1.0 mm. 
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Table 4.1. CT side translational components results. 
 
(mm) Buccal Lingual Distal Mesial Intrusion Extrusion 
No. of TIs 27 15 42 0 20 22 
Minimum 0.0 0.0 0.4  0.0 0.0 
Maximum 1.6 1.4 2.9  0.8 2.5 
Average 0.4 0.5 1.0  0.3 0.5 
Standard 
Deviation 0.3 0.4 0.6  0.2 0.6 
 
CT side rotational components are shown in Table 4.2. In the distal/mesial 
direction, both distal and mesial tippings were observed. The number of TIs with distal 
tipping was greater than the number of TIs with mesial tipping (26 to 16 TIs). In the 
ligual/buccal direction, more lingual tipping TIs than buccal tipping TIs were observed 
(26 to 16 TIs). For rotation, the numbers of TI with mesial out/in rotations were very 
close (22 to 20 TIs).  
 
Table 4.2. CT side rotational components results. 
 
(°) Distal 
tipping 
Mesial 
tipping 
Lingual 
tipping 
Buccal 
tipping 
Mesial 
out 
Mesial in 
No. of TIs 26 16 26 16 22 20 
Minimum 0.0 0.2 0.1 0.1 0.1 0.2 
Maximum 11.8 7.5 10.6 6.5 22.3 9.8 
Average 2.9 2.8 3.2 2.7 3.0 2.4 
Standard 
Deviation 2.9 1.8 2.6 2.1 4.7 2.3 
 
Translational components on the TR side are shown in Table 4.3. In the 
buccal/lingual direction, more TIs had lingual displacement than buccal displacement (25 
to 11 TIs). In the mesial/distal direction, the number of TIs with distal displacement was 
much greater than the number of TIs with mesial displacement (35 to 1 TIs). In 
intrusion/extrusion direction, the number of TIs with intrusion displacement was close to 
the number of TIs with extrusion displacement (15 to 21 TIs). The difference between the 
average buccal and lingual displacements was 0.1 mm; the difference between the 
average intrusion and extrusion displacements was 0.2 mm; while the difference between 
the average distal and mesial displacements was 0.7 mm. 
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Table 4.3. TR side translational components results. 
 
(mm) Buccal Lingual Distal Mesial Intrusion Extrusion 
No. of TIs 11 25 35 1 15 21 
Minimum 1.0 0.0 2.5 0.3 0.0 0.0 
Maximum 0.1 1.1 0.3 0.3 1.3 3.7 
Average 0.4 0.5 1.0 0.3 0.3 0.5 
Standard 
Deviation 0.3 0.3 0.5 
 
0.4 0.8 
 
Rotational components on the TR side are shown in Table 4.4. Among the 
rotation components, the number of TIs with distal tipping was the same to the number of 
TIs with mesial tipping (18 to 18 TIs). Similar observations can be found in the mesial 
out/in rotations (17 to 19 TIs). However, the difference of the number of TIs with lingual 
tipping and buccal tipping was more significant (15 to 21 TIs).  
 
Table 4.4. TR side rotational components results. 
 
(°) Distal 
tipping 
Mesial 
tipping 
Lingual 
tipping 
Buccal 
tipping 
Mesial 
out 
Mesial in 
No. of TIs 18 18 15 21 17 19 
Minimum 0.2 0.9 0.0 0.1 0.5 0.1 
Maximum 13.5 9.2 7.6 7.6 8.2 10.7 
Average 3.4 3.4 3.0 2.1 2.9 4.2 
Standard 
Deviation 3.1 2.5 2.4 1.7 2.4 3.2 
 
Under the controlled retraction load system, the canines moved generally distally. 
Relatively large lingual/buccal displacement components existed. Figure 4.5 showed that 
36 of 42 TIs moved in the directions within 45° to distal direction for TIs on the CT side. 
Figure 4.6 showed that 30 of 36 TIs moved in the directions within 45° to distal direction 
for the TIs on the TR side. 
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Figure 4.5. Tipping side displacement directions. 
 
 
 
 
Figure 4.6. Translation side displacement directions. 
 
The displacement reported was with respect to the CCS at the beginning of each 
TI. It is the absolute displacement as a result of the applied orthodontic load system. This 
displacement may not be intuitive clinically because the canine can only be evaluated 
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relative to the posterior segment, which may also move (anchorage loss) due to the 
treatment. However, the relative displacement components can be easily calculated by 
subtracting the displacement of the posterior segment from the displacement of the 
canine. 
 
The magnitude of the tooth displacement is not the main focus of this part of the 
study because it is patient dependent and affected by the treatment time that varied 
significantly. For the purpose of this study, the displacement pattern, including tipping, 
translation and their directions as well as the movement direction are the focuses. 
 
In this study, the force system applied on canines was well controlled. The initial 
load system consisted of a retraction force, an anti-tipping and an anti-rotation moment 
with minimum force and moment components in other directions. If hypothesis H4.2 is 
valid, the canine displacement pattern should be consistent and the canine should move 
distally with either CT or TR. However, the canine displacements varied significantly in 
both displacement pattern and direction. With the retraction forces, the canines should 
move distally. This was true in most TIs, Tables 4.1 and 4.3. One TI had a mesial 
displacement due to mesial tipping. The displacement was only 0.30 mm, which was at 
the translational process error level. The buccal/lingual displacement could be in either 
direction because the initial force component in the direction was in either direction. 
Overall, the number of TIs with buccal displacement was almost the same as the number 
of TIs with lingual displacement (38 to 40). However, more controlled tipping side TIs 
had buccal displacement (64.29%), and more translation side TIs had lingual 
displacement (69.44%). The clear correlation between the direction of initial force and 
final displacement was not found. Interpersonal differences in terms of bone quality and 
initial tooth position relative to the neighboring teeth might contribute to the 
inconsistency. The results showed that a specified patient tended to have either buccal or 
lingual displacement for all of his/her TIs. Eleven of all 15 patients had more than 66.7% 
of their TIs moving in either buccal or lingual direction. When considering the PIs with 
larger displacements, this trend was more obvious. Among the 11 patients who had TIs 
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with greater than 0.5 mm buccal or lingual displacements, 6 patients had all TIs with the 
either buccal or lingual direction, and another 3 patients had more than 66.7% of their TIs 
moving in either buccal or lingual direction.  
 
In this study, the canine displacement pattern was defined based on mesial/distal 
tipping angles, Table 4.5. The displacement pattern classification results were shown in 
Table 4.6. Under the CT treatment strategy, 52.4% TI resulted in controlled tipping; 
14.3% were translation; and the other 33.3% were torque. Under the TR strategy, 16.7% 
TI were actually translation; 41.7% were controlled tipping; and the other 41.7% were 
torque. According to our hypothesis, when certain load system was applied, canine 
movement should be consistent. Our results failed support the theory strongly. The initial 
load system does not dictate the final canine displacement pattern, meaning there are 
other key factors controlling the clinical outcomes. The possible factors include: 1) initial 
alignment of the tooth to the alveolar bone; 2) the geometric constraints at the root; 3) the 
alveolar bone quality; 4) the bone modeling and remodeling cycles; and 5) personal 
biological reaction to the load. The behavior of the segmental T-Loop also contributed 
the variation. Previous study showed that the load system of the T-loop changed 
significantly as the canine moved. The changes varied greatly among individual, which 
may contribute to the large displacement variation. In general, the M/F in the retraction 
direction increases as the canine is retracted. Since the M/F for TR is higher than CT, it is 
expected that TR side will have higher M/F than the CT side, meaning that higher 
possibility to have torque. This has been demonstrated in our study. The TR side has 42% 
torque while the CT side has 33%. Further studies will be focused on the effects of other 
factors. 
 
Table 4.5. Canine displacement pattern definition. 
 
Controlled Tipping Translation Torque 
> 1° Distal tipping ≤ 1° Distal tipping or ≤ 1° 
Mesial tipping 
> 1° Mesial tipping 
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Table 4.6. Canine displacement pattern classification. 
 
 Controlled Tipping Translation Torque 
37 12 29 
Tipping Translation Tipping Translation Tipping Translation 
Number 22 15 6 6 14 15 
% 52.4 41.7 14.3 16.7 33.3 41.7 
 
When segmental T-loops were used, the variations of the canine displacement 
components were large although the initial load system was well-controlled. In 
orthodontic practice, the load system may not be well controlled as reported in this study, 
thus larger variation in canine movement may be expected. However, the results are only 
for segmental T-loops. Different level of variation is expected with other type of 
appliances. The displacement reported was with respect to the CS at the beginning of 
each TI. It is the absolute displacement as a result of the applied orthodontic load system. 
This displacement may not be intuitive clinically because the canine can only be 
evaluated relative to the posterior segment, which may also move (anchorage loss) due to 
the treatment. However, the relative displacement components can be easily calculated by 
subtracting the displacement of the posterior segment from the displacement of the 
canine. 
4.4.2.3. Canine Movement Rate (H4.3) 
The resultant movement rates were shown in Figure 4.7. The rate for controlled 
tipping (CT) canines ranged between 0.007 and 0.036 mm/day; and for translation (TR) 
ranged between 0.007 and 0.034 mm/day. The movement rate difference varies among 
patients (between 0.0007 and 0.0205 mm/day). The movement directions varied from -
60.3° to 58.7° with an average being 17.28° (± 20.81°) (Figure 4.8). Positive moving 
direction angle implied that tooth moved in buccal and distal direction; while negative 
angle implied that tooth moved in lingual and distal direction. Three CT and one TR 
canines had the magnitude of the angles greater than 45°. 
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Figure 4.7. Canine resultant movement rate results in GCS. 
 
 
 
 
 
 
Figure 4.8. Canine resultant movement directions in GCS. 
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Distal-mesial movement rates are shown in Figure 4.9. The rate for controlled 
tipping ranged between 0.007 and 0.041 mm/day; and for translation ranged between 
0.000 and 0.035 mm/day. The movement rate difference varies among patients (between 
0.0000 and 0.0266 mm/day).  
 
 
 
Figure 4.9. Canine distal-mesial direction movement rate results in CCS. 
 
Except movements on occlusal plane (x and y direction movements), canines also 
have intrusions and extrusions (movements in z direction). Figure 4.10 showed the 
intrusions and extrusions results. Positive values are intrusions; and negatives are 
extrusions. For CT, eight patients had intrusions, and the other seven had extrusions. The 
maximum intrusion value was 0.65mm, and the maximum extrusion value was 1.20mm. 
For TR, five patients had intrusions, and the other ten had extrusions. The maximum 
intrusion value was 1.48mm, and the maximum extrusion value was 1.89mm. 
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Figure 4.10. Intrusions and extrusions (Positive: intrusion; Negative: extrusion). 
 
To estimate the averages and variations of the movement rates, the means and 
standard deviations shown in Table 4.7. For both resultant movement rates in GCS and 
distal/mesial direction movement rates in CCS, CT T-loops moved canines 41.7% and 
40.9% faster than TRT-loops, respectively.  In general, the differences were statistically 
significant.  
 
Table 4.7. Movement Rates Statistical Analysis Results (mm/day). 
 
 Tipping Translation Difference 
p-value 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
GCS 0.024 0.010 0.016 0.011 0.0085 0.0084 0.0290 
CCS 0.023 0.008 0.015 0.011 0.0073 0.0111 0.0480 
 
In both GCS and CCS, most patients had larger movement rate in their tipping 
side than the rate in their translation side. Only two patients, Patient 11 and 13, had larger 
translation movement rate in GCS (Figure 4.11); while two patients, Patient 02 and 11, 
have larger translation movement rate in CCS (Figure 4.12). There is one patient, Patient 
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07, who has the same tipping and translation CCS movement rate (Figure 4.11). The 
average difference is 0.0085 mm/day in GCS, 0.0073 in CCS. 
 
 
 
Figure 4.11. Movement rate difference in GCS. 
 
 
 
 
 
Figure 4.12. Movement rate difference in CCS. 
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The means and standard deviations of movement directions in GCS were shown 
in Table 4.8. Movement directions of translation side had much smaller mean and much 
greater standard deviation than controlled tipping side. This is because all the negative 
angles happened at translation side. 
 
Table 4.8. Movement directions statistical analysis results (°). 
 
 Tipping Translation Overall 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
GCS 30.21 17.09 4.36 32.69 17.29 28.81 
 
The means and standard deviations of intrusion and extrusion values were shown 
in Table 4.9. 
 
Table 4.9. Intrusion and extrusion statistical analysis results (mm). 
 
Tipping Translation Overall 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
-0.22 0.59 -0.27 0.74 -0.25 0.68 
 
The maxillary canine retraction rates reported varied greatly. For frictionless 
mechanics, the largest value was more than 2.5 mm/month  measured from ten patients 
by using a calibrated sectional archwire [71], while the smallest one was about 0.6 
mm/month measured six patients using a vertical loop which can produce an application 
of a force rapidly declining in magnitude. [72] The average value was about 1.6 
mm/month [46, 50, 71-75]. In this study, the average GCS movement rate was 0.672 
mm/month for the tipping side, and 0.448 mm/month for the translation side (28 days per 
month). The values were relatively small compared to previous studies. The large variety 
of the movement rate may be caused by many factors, like sample size and retraction 
appliances. Previous studies quantified relative displacement between two landmarks on 
the moving and anchorage teeth, respectively. Anchorage loss occurs in the clinic, which 
affects the measurement. The displacement is commonly described on a point. Choosing 
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different points result in different displacement especially when a large tipping is 
involved. These factors were the reasons for the discrepancies in the reported 
displacement rates. 
 
Description of tooth displacement with respect to a static reference helps clinician 
to quantify real tooth displacement and effects of various treatment strategies. Many 
previous studies reported tooth displacement relative to an anchorage tooth, which might 
move. Thus, the actual displacement was not obtained. The resultant movement rate 
results expressed in GCS provide absolute tooth displacement relative to the stable 
anatomical region (rugea area), which are accurate description of tooth movement.  
Displacement of the moving and anchorage teeth are decoupled so that they can be 
analyzed separately, which will allow clinicians to quantify the anchorage loss as well. 
Using this method, the intrusion/extrusion can be reliably quantified, which is not 
possible from the relative displacement. The direction of the tooth movement relative to 
the sagittal plan can also be clearly demonstrated. On the other hand, clinicians 
commonly used distal displacement to evaluate clinical outcomes in the space closure 
case. This can be done by using the CCS. For this proper, the distal displacement, yc, was 
used to calculate movement rate. 
 
When the last TI was included, the movement rates were decreased (Table 4.10). 
Tipping side decreases were slightly larger than translation side. This was because all the 
patients had their tipping side closed first. In the study’s last treatment interval, tipping 
side canine completed retraction in the middle of the period, while translation side canine 
kept moving to close the space through the period. When the total number of days was 
used to calculate the movement rate, tipping side movement rate became smaller than its 
actual value.  
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Table 4.10. Movement rate results in GCS and CCS within the All TIs (mm/day). 
 
 Tipping Translation Difference 
GCS CCS GCS CCS GCS CCS 
With last interval (R1) 0.024 0.021 0.017 0.015 0.0072 0.0060 
Without last interval (R2) 0.024 0.023 0.016 0.015 0.0085 0.0073 
R2-R1 0.000 0.002 0.001 0.000 0.0013 0.0013 
4.4.3. Conclusions 
Corresponding to the first three hypotheses (H4.1 - 4.3), the conclusions related to 
canine movements were: 
1. The relationship between canine displacement and treatment time was highly 
nonlinear. (H4.1) 
2. The load system is not the only key factor controlling the canine displacement. (H 
4.2) 
3. Using segmental T-loop with a well-controlled load system, large variation in canine 
displacement can be expected. 
4. With the same force magnitude, controlled tipping strategy moves canine faster than 
translation. This difference is statistically significant for both resultant movement rate 
in global coordinate system (GCS) and distal/mesial direction movement rate in 
canine coordinate system (CCS). (H4.3) 
4.5. Quantification of Anchorage Teeth Movement 
4.5.1. Anchorage Teeth Movement Quantification 
Fourteen subjects’ anchorage teeth movements were quantified by using CBCT 
maxillary tooth movement procedure (P2, Section 3.5). After obtained one patient’s pre- 
and post-treatment scans, the first step was to standardize the head position in the CBCT 
scans. The second step was to separate the upper jaw and the 1
st
 molar and 2
nd
 premolars 
of the two sides from the rest of the image, and create 3D models. The third step was to 
 67 
define upper jaw coordinate system (UCS, Section 3.2.2.1) on the pre-treatment upper 
jaw model. Next, the pre- and post-treatment models were superimposed on the anterior 
inner curve of the hard palate. Following superimposition, the two tooth models in pre- 
and post-treatment positions were aligned using the entire tooth surface points. 
Transformation matrix between the two positions was calculated. Then the 1
st
 molar or 
2
nd
 premolar’s six displacement components in terms of translation along and rotation 
about the three coordinate axes were computed from the entries of the transformation 
matrix, and expressed in UCS.  
 
In this study, two types of anchorage reinforcement appliances were used, 
removable Trans-Palatal Arch (TPA) and fixed TPA. Within the fourteen subjects, eight 
had removable TPAs; and six had fixed TPAs (Figure 4.13). 
 
         
 
Figure 4.13. Removable and fixed TPA. 
 
The comparison between two strategies, controlled tipping (CT) and translation 
(TR) was done with paired t-test; and the comparison between two types of TPAs was 
done with two-sample t-test. The equal-variance and normality assumptions were 
checked using normal probability plots (Figure 4.14). The normal probability plot was 
performed by using Matlab
®
. 
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                         (a)                                                     (b) 
Figure 4.14. Normal probability plots for anchorage teeth. 
(a) 1
st
 Molar; (b) 2
nd
 Premolar 
4.5.2. Results and Discussion 
4.5.2.1. Anchorage Teeth Movement (H4.4) 
The movements of two anchorage teeth, 1
st
 molar and 2
nd
 premolar, were shown 
in Figures 4.15-4.16 and Tables 4.11-4.12. The maximum x direction 1
st
 molar 
displacement was 0.94 mm; and the maximum y direction 1
st
 molar displacement was 
3.16 mm. The maximum x direction 2
nd
 premolar displacement was 1.16 mm; and the 
maximum y direction 1
st
 molar displacement was 3.73 mm. The average 1
st
 molar 
displacement in x direction was 0.01 mm (± 0.64 mm), and in y direction was 1.51 mm 
(± 0.72 mm). The average 2
nd
 premolar displacement in x direction was 0.03 mm (± 1.28 
mm), and in y direction was 1.72 mm (± 0.72). 
 
Under the controlled retraction load system, the 1
st
 molars and 2
nd
 premolars 
moved generally mesially. Relatively large lingual/buccal displacement components 
existed. Figure 4.15 showed that all of the 1
st
 molars moved in the directions within 45° 
to mesially direction. Figure 4.16 showed that 27 of 28 (14 subjects, each subject has 2 
premolars) premolars moved in the directions within 45° to mesially direction. The x and 
y direction displacement for the only one premolar fell out of the 45° range were less than 
0.5 mm, which was at the translational process error level.   
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Figure 4.15. 1
st
 Molar movement directions. 
 
 
 
Table 4.11. 1
st
 Molar controlled tipping and translation comparison. 
 
(mm) X-direction Y-direction 
CT TR Diff CT TR Diff 
Average -0.01 -0.01 0.00 1.60 1.41 0.19 
Standard 
Deviation 
0.43 0.44 0.64 0.88 0.72 0.72 
p-value 0.99 0.34 
 
 
 
 
 
Figure 4.16. 2
nd
 Premolar movement directions. 
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Table 4.12. 2
nd
 Premolar controlled tipping and translation comparison. 
 
(mm) X-direction Y-direction 
CT TR Diff CT TR Diff 
Average -0.10 0.06 -0.16 1.77 1.66 0.12 
Standard 
Deviation 
0.82 0.60 1.28 1.06 0.94 0.72 
p-value 0.65 0.56 
 
Even with the reinforced anchorage appliances (removable and fixed TPAs), 
significant movements were still observed among anchorage teeth. These finds were in 
accordance with other studies [52-54]. The conclusion was that TPA did not effectively 
reinforce the posterior anchorage. 
4.5.2.2. Comparison between Controlled Tipping and Translation (H4.5) 
Figure 4.17 and Table 4.11 showed the 1
st
 molar displacements in x and y 
directions. The data were separated into two groups, controlled tipping (CT) group and 
translation (TR) group. The averages x direction 1
st
 molar displacements were -0.01 mm 
for both CT and TR. The p value for paired t-test between CT and TR data was 0.99, 
which was statistically insignificant. The average y direction 1
st
 molar displacement was 
1.61 mm (± 0.88 mm) for CT, and 1.41 mm (± 0.72 mm) for TR. The p value for paired t-
test between CT and TR data was 0.34, which is also statistically insignificant. 
 
      
(a)      (b) 
 
Figure 4.17. 1
st
 molar controlled tipping and translation comparison. 
(a) x-direction (b) y-direction 
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Figure 4.18 and Table 4.12 showed the 2
nd
 premolar displacements in x and y 
directions. The data were separated into two groups, controlled tipping (CT) group and 
translation (TR) group. The average x direction 2
nd
 premolar displacements was -0.10 
mm for CT, and 0.06 mm for TR. The p value for paired t-test between CT and TR data 
was 0.65, which was statistically insignificant. The average y direction 1
st
 molar 
displacement was 1.77 mm (± 1.06 mm) for CT, and 1.66 mm (± 0.94 mm) for TR. The p 
value for paired t-test between CT and TR data was 0.56, which is also statistically 
insignificant. 
 
     
(a)      (b) 
 
Figure 4.18. 2
nd
 premolar dontrolled tipping and translation comparison. 
(a) x-direction, (b) y-direction 
 
For both 1
st
 molars and 2
nd
 premolars, the teeth displacement differences between 
CT and TR were not significant (H4.5). A possible explanation was that there were large 
variations in the anchorage teeth movement. This was similar to the canine movement 
pattern results (Table 4.6). 
 
Since a TPA was attached between two 1
st
 molars, the two 1
st
 molars should move 
in the same direction in order to keep the distance between the two teeth. However, the 1
st
 
molar x-direction displacement data (Figure 4.15 (a)) showed that 7 of 14 patients had 
different x-direction displacements. Among these patients, only two showed greater than 
1 mm distance change between left and right 1
st
 molars and both of the two patients had 
removable TPA. 
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Both 1
st
 molars and 2
nd
 premolars had larger variations in x direction 
displacement than in y direction displacement (Figures 4.15 and 4.16). One reason was 
that y direction force was the y direction force component was the main focus when the 
T-loop wire used in this study was designed. The other force components were only kept 
minimal. Thus, the movements in x direction were not as controlled as the movements in 
y direction. 
 
For both CT group and TR group, 2
nd
 premolars had larger displacements in both 
x and y directions than 1
st
 molars did. There were two potential reasons for this 
observation. First is the geometry difference between 1
st
 molar and 2
nd
 premolar. 1
st
 
molars have three or four roots, and the average tooth length is 19.5 mm. 2
nd
 premolars 
have one to two roots, and the average tooth length is 22.5 mm. 2
nd
 premolar is longer 
with fewer roots than 1
st
 molar. This made it easier to be moved. Second, the TPA was 
directly attached to the left and right 1
st
 molars, which gave 1
st
 molars stronger support. 
4.5.2.3. Comparison between Removable and Fixed TPA (H4.6) 
The anchorage data were separated again into two groups based on the type of 
TPAs, removable group and fixed group. Figure 4.13 showed the 1
st
 molar and 2
nd
 
premolar displacements in x direction. The averages x direction 1
st
 molar displacements 
were 0.07 mm (± 0.51 mm) for removable group, and -0.12 mm (± 0.27 mm) for fixed 
group. The p value for t-test between removable and fixed group data was 0.27, which 
was statistically insignificant. The averages x direction 2
nd
 premolar displacements were -
0.02 mm (± 0.79 mm) for removable group, and -0.03 mm (± 0.62 mm) for fixed group. 
The p value for t-test between removable and fixed group data was 0.80, which was also 
statistically insignificant. 
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Table 4.13. Comparison between removable and fixed group in x direction. 
 
(mm) 1
st
 Molar 2
nd
 Premolar 
Removable Fixed Removable Fixed 
Average 0.07 -0.12 -0.02 -0.03 
Std 0.51 0.27 0.79 0.62 
p-value 0.27 0.80 
 
Figure 4.14 showed the 1
st
 molar and 2
nd
 premolar displacements in y direction. 
The averages y direction 1
st
 molar displacements were 1.75 mm (± 0.78 mm) for 
removable group, and 1.17 mm (± 0.71 mm) for fixed group. The p value for t-test 
between removable and fixed group data was 0.05, which was statistically significant. 
The averages x direction 2
nd
 premolar displacements were 2.13 mm (± 0.93 mm) for 
removable group, and 1.16 mm (± 0.78 mm) for fixed group. The p value for t-test 
between removable and fixed group data was 0.001, which was also statistically 
significant. 
 
Table 4.14. Comparison between removable and fixed group in y direction. 
 
 (mm) 
 
1st Molar 2nd Premolar 
Removable Fixed Removable Fixed 
Average 1.75 1.17 2.13 1.16 
Std 0.78 0.71 0.93 0.78 
p-value 0.05 0.001 
 
For both 1
st
 molar and 2
nd
 premolar, the differences between removable and fixed 
group in x direction displacements were statistically insignificant; while the differences 
in y direction displacements were statistically significant (H4.6). The reason was that x 
direction displacements were much smaller than y direction displacement. The average 
differences in x direction were only 0.19 mm for 1
st
 molar and 0.01 mm for 2
nd
 premolar, 
compared with 0.58 mm for 1
st
 molar and 0.97 mm for 2
nd
 premolar in y direction (Tables 
4.13 and 4.14). 
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4.5.3. Conclusion 
Corresponding to the last three hypotheses (H 4.4-4.6), the conclusions related to 
anchorage teeth movements were: 
1. Anchorage losses were still observed in patients with removable or fixed TPA. (H 
4.4) 
2. No significant difference in anchorage loss was found between controlled tipping 
and translation strategies. (H 4.5) 
3. Fixed TPA provided significant better anchorage control than removable TPA in 
mesial-distal direction. (H 4.6) 
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5. IMAGE ANALYSIS IN MANDIBULAR GROWTH STUDY 
5.1. Introduction 
Numerous children in the United States have excessive overjet (Figure 5.1), 
mainly caused by deficient mandibles. There is a fundamental lack of knowledge on 
effective approaches to stimulate mandibular growth and correct mandibular deficiency 
in growing individuals. 
 
      
 
Figure 5.1. Overject. 
 
Condylar changes in traditional two-dimensional (2D) cephalograms are obscure, 
which might cause misleading interpretation and lead to false clinical judgment. Three-
dimensional (3D) Cone-beam Computed Tomography (CBCT) is capable of clearly 
evaluating the morphology of the condyle. In this study, the patients are treated using 
either Mandibular Anterior Reposition Appliance (MARA) or Herbst appliances (Figure 
5.2). Herbst appliance (Figure 5.2a), are commonly used because of requiring no patient 
compliance. However, its oblique force vector (Figure 5.2b) pushes the mouth open, 
which rotates the mandible backward and impedes the treatment goal of “mandibular 
advancement”. MARA is a relative new appliance designed to avoid mandibular 
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backward rotation (Figure 5.2c). Because the MARA “positions” or “guides” the 
mandible forward instead of directly pushing the dentition, it advances the mandible 
without rotating mandible backward (Figure 2d and 2e). Although, in theory, MARA 
provides more favorable effects than the Herbst appliance, the effects have not been 
compared clinically. 
 
 
 
Figure 5.2. Herbst and MARA appliances. 
 
The goal of this study was to (1) establish a novel and valid 3D analysis method 
to evaluate condylar growth and skeletal effects on patients treated by class II functional 
appliances; (2) compare the treatment outcomes and side effects of two different 
appliances.  
5.2. Subjects 
Total number of ten patients with large overject and retrusive mandible (mandible 
posterior to its normal position, Figure 5.3) were enrolled in this randomized controlled 
clinical trial. For each patient, before- and after-treatment 3D CBCT scans were taken 
using i-CAT
®
. The scan was 0.3 mm resolution with enhanced portrait mode. The images 
were saved as DICOM format files and processed with MIMICS
®
. 
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Figure 5.3. Retrusive mandible. 
5.3. Hypotheses and Parameters  
The hypotheses for this study are: 
H5.1: Herbst appliance causes mandibular forward movement with backward rotation. 
H5.2: MARA guides greater mandibular advancement and condylar growth, compared to 
Herbst appliance. 
 
The hypotheses were tested with the following parameters: 
Landmark displacement relative to cranial base is defined as the displacement 
obtained after the before- and after-treatment models are superimposed on cranial base. It 
is expressed in a rectangular coordinate system with six displacement components, three 
translations and three rotations. This displacement shows the effect of the mandible 
changes to the whole face. 
 
Landmark displacement relative to mandibular stable structures is defined as the 
displacement obtained after the before- and after-treatment models are superimposed on 
mandibular stable structures. It is expressed in a rectangular coordinate system with six 
displacement components, three translations and three rotations. This displacement gives 
the actual mandibular landmark points movements during the treatment. 
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5.4. Quantification of Skeletal Landmark Movements  
Selected skeletal landmark movements were quantified by using CBCT skeletal 
landmark procedure (P3, Section 3.6). After obtained one subject’s pre- and post-
treatment scans, the first step was to standardize the head position in the CBCT scans. 
Then, the whole skull digital model was isolated from the rest of the tissues, followed by 
separating the mandibular digital model from the skull. For each subject, two skull 
models, pre- (SK1) and post-treatment (SK2), and two corresponding mandible models 
(pre-treatment, MD1; post-treatment, MD2) were generated (Figure 5.4). 
 
 
 
Figure 5.4. Whole skull and mandible digital models. 
 
To quantify landmark movements relative to anterior cranial base, the first step 
was to define CBCS (Section 3.2.2.2) on SK1. Then SK1 and SK2 were superimposed on 
anterior cranial base (Figure 5.5). After SK1 and SK2 were in the comparable position, 
the coordinates of the selected landmarks in both SK1 and SK2 needed to be identified in 
CBCS. The landmark movements relative to anterior cranial base were calculated based 
on the coordinates of landmarks in CBCS (Section 3.4.2). 
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Figure 5.5. CBCS and superimposition on anterior cranial base. 
(a) and (b) CBCS; (c) superimposition on anterior cranial base 
 
 
Similar procedure was used for quantifying landmark movements relative to 
mandible stable structure. The first step was to define MCS (Section 3.2.2.2, Figure 3.12) 
on MD1. Then MD1 and MD2 were superimposed on mandible (Figure 5.6). After MD1 
and MD2 were in the comparable position, the coordinates of the selected landmarks in 
both MD1 and MD2 needed to be identified in MCS. The landmark movements relative 
to mandible were calculated based on the coordinates of landmarks in MCS (Section 
3.4.2). 
 
 
 
Figure 5.6. MCS and superimposition on mandible. 
(a) and (b) MCS; (c) superimposition on mandible 
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Twelve skeletal landmarks were selected for calculation (Table 5.1, Figure 5.7). 
Three of them (ANS, PNS and A) was on upper jaw, and the other nine were on lower 
jaw. Among the nine lower jaw landmarks, four (Con_L, Con_R, ML Con_L, and ML 
Con_R) were on the tips of the condyles; three (B, Pog, and Me) were on the lower 
mandible body; and the other two (Go_L and Go_R) were at the midpoints of the contour 
connecting the ramus and mandible body. 
 
Table 5.1. Skeletal landmarks definition. 
 
 ANS  Anterior nasal spine   Go_L  Left gonion  
 PNS  Posterior nasal spine   Go_R  Right gonion  
 A  A point   Con_L  Left condylion  
 B  B point   Con_R  Right condylion  
 Pog  Pogonion   ML Con_L  Left medial and lateral pole  
 Me  Menton   ML Con_R  Right medial and lateral 
pole  
 
 
 
    
(a)      (b) 
 
Figure 5.7. Selected skeletal landmarks location. 
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5.5. Results and Discussion 
5.5.1. Skeletal Landmarks Displacement for Herbst Appliance 
Skeletal landmark displacements relative to cranial base for Herbst appliance 
were shown in Tables 5.2, 5.3. For translational displacement components, the maximum 
x direction average translation magnitude was 1.20 mm (± 1.30 mm) at Me and B points; 
the maximum y direction average translation magnitude was 3.50 mm (± 2.68 mm) at Me 
point; and the maximum z direction average translation magnitude was 3.38 mm (± 4.51 
mm) at  B point (Table 5.2). All upper jaw landmarks (A, ANS, PNS) had less than 1 mm 
translational displacement components in three directions. For rotational displacement 
components, the maximum x direction average rotation magnitude was 2.72° (± 3.29°) at 
A point; the maximum y direction average rotation magnitude was 0.90° (± 0.42°) at 
Con_R point; and the maximum z direction average rotation magnitude was 21.26°  (± 
35.98°) at  A point (Table 5.3).  
 
Table 5.2. Skeletal landmarks translational displacement relative to cranial base (Herbst 
group). 
 
(mm)  x y z 
Ave. Std. Ave. Std. Ave. Std. 
Pog 1.07 1.26 -2.69 1.96 -1.47 4.71 
Me 1.20 1.30 -3.50 2.86 -1.55 4.51 
B 1.20 1.30 -2.23 1.91 -3.38 4.51 
Go_R -0.91 1.15 -1.37 1.42 -1.13 2.16 
Go_L 1.11 0.99 -1.19 2.09 -0.35 2.47 
Con_R -0.91 2.44 0.27 1.02 0.63 3.62 
ML Con_R 0.03 0.07 0.27 0.81 0.61 2.43 
Con_L -0.04 0.58 0.32 0.92 0.06 2.33 
ML Con_L 0.40 0.55 0.67 1.38 0.07 1.62 
ANS 0.36 1.22 0.06 1.43 0.52 3.09 
PNS 0.39 1.16 0.71 1.09 -0.26 2.45 
A 0.48 1.02 -0.89 3.48 -0.41 2.65 
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Table 5.3. Skeletal landmarks rotational displacement relative to cranial base (Herbst 
group). 
 
(°) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Pog 1.53 1.39 -0.63 0.77 -10.79 25.51 
Me 1.70 1.82 -0.71 0.83 16.28 32.74 
B 1.43 1.46 -0.76 0.80 -14.68 42.54 
Go_R -0.57 1.18 -0.11 0.99 0.71 0.88 
Go_L -1.07 0.67 -0.35 0.65 -1.01 1.12 
Con_R 0.84 2.10 0.90 0.42 0.76 1.76 
ML Con_R 0.96 1.70 0.10 1.82 0.01 0.62 
Con_L -0.03 1.46 0.17 1.68 0.24 0.66 
ML Con_L -0.04 1.18 0.12 1.03 0.08 0.50 
ANS 0.18 1.88 -0.27 1.24 -5.19 21.25 
PNS 0.62 1.17 -0.39 1.26 1.75 3.51 
A 2.72 3.29 -0.32 0.97 21.26 35.98 
 
 
Based on the definitions for CBCS (Section 3.2.2.2, Figures 3.10), YZ plane was 
the sagittal plane in the coordinate system. In mandibular growth treatment, the 
displacement components on sagittal plane (y-, z-direction translations and x direction 
rotation) were more important for orthodontists to evaluate the treatment outcomes. The 
y- and z-direction translations and x-direction rotations relative to cranial base for herbst 
group were shown in Figures 5.8 and 5. 9. The mandible landmarks (Pog, Me, and B) had 
negative values in both y- and z-direction translations. As Figure 5.5 (b) shown, negative 
y and z values means that mandible pushed forward and downward relative to cranial 
base. Figure 5.9 showed that mandible landmarks also had positive x-direction rotations, 
which means that mandible had backward rotations (Figure 5.10) (H5.1).  
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Figure 5.8. Y- and Z-direction translations relative to cranial base (Herbst group). 
 
 
 
 
Figure 5.9. Z-direction rotations relative to cranial base (Herbst group). 
 
 
 
 
 
Figure 5.10. Mandible landmarks movement relative to cranial base (Herbst group). 
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Skeletal landmark displacements relative to mandible for Herbst appliance were 
shown in Tables 5.4 and 5.5. For translational displacement components, the maximum x 
direction average translation magnitude was 2.28 mm (± 2.54 mm) at Con_R point; the 
maximum y direction average translation magnitude was 2.41 mm (± 1.77 mm) at ML 
Con_R point; and the maximum z direction average translation magnitude was 3.28 mm 
(± 1.36 mm) at  Con_L point (Table 5.4). For rotational displacement components, the 
maximum x direction average rotation magnitude was 14.07° (± 29.38°) at Go_R point; 
the maximum y direction average rotation magnitude was 15.53° (± 31.98°) at Con_L 
point; and the maximum z direction average rotation magnitude was 30.95°  (± 36.27°) at  
Me point (Table 5.5). 
 
Table 5.4. Skeletal landmarks translational displacement relative to mandible (Herbst). 
 
(mm) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Me 0.72 1.05 -0.76 0.75 -0.46 0.54 
B -0.50 0.99 0.18 1.04 -2.26 2.39 
Go_R -0.82 1.46 1.60 0.97 0.78 1.67 
Go_L 1.16 0.51 0.74 1.27 2.50 1.22 
Con_R -2.28 2.54 2.35 2.70 2.80 1.90 
ML Con_R -0.33 0.88 2.41 1.77 2.71 1.38 
Con_L -0.40 1.00 1.27 1.52 3.28 1.36 
ML Con_L 0.06 0.72 1.75 1.71 3.27 0.65 
 
Table 5.5. Skeletal landmarks rotational displacement relative to mandible (Herbst). 
 
(°) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Me -8.49 13.68 -6.59 8.05 -30.95 36.27 
B -1.11 3.16 3.45 3.35 -10.55 18.52 
Go_R 14.07 29.38 15.32 32.63 -9.42 20.95 
Go_L 1.49 0.84 7.82 19.66 13.46 31.29 
Con_R 1.31 2.13 14.12 31.64 -12.41 29.84 
ML Con_R 0.53 0.92 1.74 1.90 -0.70 2.08 
Con_L 0.78 1.35 -15.53 31.98 13.28 29.58 
ML Con_L 0.92 0.85 -1.41 2.01 0.50 1.66 
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 Based on the definitions for MCS (Section 3.2.2.2, Figures 3.11), YZ plane was 
the sagittal plane in the coordinate system. Like Figures 5.8 and 5.9, the y- and z-
direction translations and x-direction rotations relative to mandible for herbst group were 
shown in Figures 5.11 and 5.12. The condyle landmarks (Con_R, Con_L, ML Con_R, 
and ML Con_L) had positive y- and z-direction translations and positive x-direction 
rotation. The positive translations means that the condyle growth backward and upward 
(Figure 5.13). The x-direction rotation for all condyle landmarks were less than 1.5°. 
 
 
 
Figure 5.11. Y- and Z-direction translations relative to mandible (Herbst group). 
 
 
 
 
 
Figure 5.12. Z-direction rotations relative to mandible (Herbst group). 
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Figure 5.13. Condyle landmarks movement relative to mandible (Herbst group). 
5.5.2. Comparison on Landmark Displacements between Herbst and MARA Appliances 
 Skeletal landmark displacements relative to cranial base for MARA appliance 
were shown in Tables 5.6 and 5.7. For translational displacement components, the 
maximum x direction average translation magnitude was 1.34 mm (± 2.60 mm) at Pog 
point; the maximum y direction average translation magnitude was 3.44 mm (± 3.29 mm) 
at Me point; and the maximum z direction average translation magnitude was 2.83 mm (± 
1.51 mm) at  Pog point (Table 5.6). All upper jaw landmarks (A, ANS, PNS) had less 
than 0.2 mm translational displacement components in three directions. For rotational 
displacement components, the maximum x direction average rotation magnitude was 
1.63° (± 0.84°) at B point; the maximum y direction average rotation magnitude was 
0.76° (± 0.77°) at Con_R point; and the maximum z direction average rotation magnitude 
was 27.17°  (± 32.67°) at  A point (Table 5.7).  
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Table 5.6. Skeletal landmarks translational displacement relative to cranial base (MARA 
group). 
 
(mm) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Pog -1.34 2.60 -2.33 3.05 -2.83 1.51 
Me -1.18 2.59 -3.44 3.29 -1.76 0.90 
B -1.28 2.59 -2.54 3.52 -1.68 1.56 
Go_R -0.28 1.82 -1.59 3.77 -1.41 1.69 
Go_L -0.31 1.01 -2.02 3.73 -2.27 1.23 
Con_R 1.29 2.65 0.49 3.45 -0.17 1.14 
ML Con_R -0.43 0.61 0.59 3.76 -0.01 0.76 
Con_L -0.82 2.98 0.00 3.64 -0.39 1.42 
ML Con_L 0.04 0.71 -0.98 3.89 -0.32 1.46 
ANS 0.36 0.94 -0.07 0.80 -0.69 1.90 
PNS 0.15 1.12 -0.16 0.34 -0.45 0.91 
A -0.53 1.32 -0.16 1.13 0.23 2.21 
 
 
 
 
Table 5.7. Skeletal landmarks rotation displacement relative to cranial base (MARA 
group). 
 
(°) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Pog -1.19 0.98 0.03 1.96 18.93 23.46 
Me -1.62 1.35 0.05 1.86 -10.32 36.71 
B -1.63 0.84 0.13 2.30 27.17 32.67 
Go_R -1.33 1.53 -0.09 1.35 1.08 1.47 
Go_L -1.23 0.92 0.76 0.77 -0.44 0.99 
Con_R -0.13 1.24 0.07 2.97 0.47 3.01 
ML Con_R -0.34 0.32 0.20 0.59 0.72 0.81 
Con_L -0.04 1.39 0.65 2.58 0.69 1.72 
ML Con_L -0.46 1.26 0.45 1.34 -0.04 0.73 
ANS 0.15 0.79 -1.40 1.46 5.81 11.86 
PNS -0.52 0.44 -1.47 1.70 3.62 10.17 
A -0.88 0.98 -0.23 1.74 -0.52 2.08 
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 Similar to the Herbst group results, the y- and z-direction translations were shown 
in Figure 5.14; and the x-direction rotations were shown in Figure 5.15. The mandible 
landmarks (Pog, Me, and B) had negative values in both y- and z-direction translations. 
As Figure 5.5 (b) shown, negative y and z values means that mandible pushed forward 
and downward relative to cranial base. Figure 5.15 showed that mandible landmarks had 
negative x-direction rotations, which means that mandible had forward rotations (Figure 
5.16). 
 
 
 
Figure 5.14. Y- and Z-direction translations relative to cranial base (MARA group). 
 
 
 
 
Figure 5.15. Z-direction rotations relative to cranial base (MARA group). 
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Figure 5.16. Mandible landmarks movement relative to cranial base (MARA group). 
 
Skeletal landmark displacements relative to mandible for MARA appliance were 
shown in Tables 5.8 and 5.9. For translational displacement components, the maximum x 
direction average translation magnitude was 1.52 mm (± 2.04 mm) at B point; the 
maximum y direction average translation magnitude was 2.63 mm (± 4.59 mm) at Con_R 
point; and the maximum z direction average translation magnitude was 3.59 mm (± 3.17  
mm) at  Go_L point (Table 5.8). For rotational displacement components, the maximum 
x direction average rotation magnitude was 7.32° (± 38.59°) at Me point; the maximum y 
direction average rotation magnitude was 16.91° (± 40.65°) at Go_R point; and the 
maximum z direction average rotation magnitude was 13.78°  (± 27.97°) at  Con_L point 
(Table 5.9). 
 
Table 5.8. Skeletal landmarks translational displacement relative to mandible (MARA 
group). 
 
(mm) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Me -1.51 1.53 1.07 4.41 1.01 2.99 
B -1.52 2.04 0.78 3.10 1.32 2.58 
Go_R -0.65 1.66 0.68 2.01 -2.23 4.82 
Go_L -1.52 1.76 0.21 1.47 -3.95 3.17 
Con_R 0.22 1.21 2.63 4.59 -1.59 3.92 
ML Con_R -0.20 0.43 2.38 4.14 -1.13 4.22 
Con_L -0.02 1.89 1.75 2.71 -2.80 4.10 
ML Con_L -0.17 1.64 1.83 0.90 -2.52 4.03 
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Table 5.9. Skeletal landmarks rotational displacement relative to mandible (MARA 
group). 
 
(°) x y z 
Ave. Std. Ave. Std. Ave. Std. 
Me 7.32 38.59 -7.26 31.67 12.72 35.23 
B 1.48 6.26 -2.90 12.54 -2.97 28.15 
Go_R -1.36 3.20 16.91 40.65 -6.88 13.79 
Go_L -2.50 1.61 7.21 9.04 13.75 31.15 
Con_R -2.18 1.44 14.34 31.60 -13.61 25.85 
ML Con_R -1.98 1.91 0.72 2.36 -2.52 0.90 
Con_L -2.28 1.07 -14.22 33.80 13.78 27.97 
ML Con_L -1.59 0.91 0.35 2.67 1.19 2.47 
 
  
 Similar to the Herbst group results, the y- and z-direction translations were shown 
in Figure 5.17; and the x-direction rotations were shown in Figure 5.18. The condyle 
landmarks (Con_R, Con_L, ML Con_R, and ML Con_L) had positive y-direction 
translations, negative z-direction translations, and negative x-direction rotations. The 
positive y-direction and negative z-direction translations means that the condyle growth 
backward and downward (Figure 5.19). The negative x-direction rotation means that 
condyle growth counter clockwise (Figure 5.19). 
 
 
 
Figure 5.17. Y- and Z-direction displacements relative to mandible (MARA group). 
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Figure 5.18. Z-direction rotations relative to mandible (MARA group). 
 
 
 
 
Figure 5.19. Condyle landmarks movement relative to mandible (MARA group). 
 
Results of comparison on landmark translational displacement relative to cranial 
base were shown in Tables 5.10, 5.11 and Figure 5.20. For translational displacements, 
only the x direction translation at Go_L showed statistically significant the difference 
between Hebst and MARA group. For rotational displacements, the x direction rotation at 
Con_L and ANS, the y direction rotation at Go_L and the z direction rotation at Go_L 
and ML Con_R showed statistically significant the difference between Hebst and MARA 
group. 
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Table 5.10. Comparison on landmark translational displacement relative to cranial base. 
 
(mm) x y z 
Diff p-value Diff p-value Diff p-value 
Pog 2.41 0.16 -0.36 0.66 1.35 0.62 
Me 2.38 0.15 -0.06 0.94 0.22 0.93 
B 2.48 0.14 0.31 0.54 -1.71 0.53 
Go_R -0.62 0.20 0.23 0.80 0.28 0.74 
Go_L 1.42 0.05 0.84 0.53 1.92 0.25 
Con_R -2.20 0.23 -0.22 0.83 0.80 0.66 
ML Con_R 0.46 0.16 -0.32 0.79 0.62 0.64 
Con_L 0.77 0.59 0.32 0.68 0.44 0.65 
ML Con_L 0.36 0.48 1.65 0.05 0.39 0.73 
ANS 0.01 0.99 0.13 0.86 1.21 0.21 
PNS 0.24 0.77 0.86 0.17 0.19 0.85 
A 1.01 0.21 -0.73 0.66 -0.64 0.57 
 
 
 
Table 5.11. Comparison on landmark rotational displacement relative to cranial base. 
 
(°) x y z 
Diff p-value Diff p-value Diff p-value 
Pog -0.34 0.53 -0.66 0.56 -29.72 0.10 
Me -0.08 0.85 -0.76 0.48 26.61 0.28 
B 0.20 0.70 -0.88 0.51 -41.85 0.14 
Go_R 0.76 0.13 -0.03 0.97 -0.37 0.67 
Go_L 0.16 0.77 -1.11 0.02 -0.57 0.01 
Con_R 0.97 0.28 0.83 0.81 0.29 0.89 
ML Con_R 1.30 0.12 -0.10 0.92 -0.71 0.01 
Con_L 0.01 0.99 -0.48 0.76 -0.45 0.60 
ML Con_L 0.41 0.66 -0.33 0.74 0.12 0.70 
ANS 0.03 0.97 1.13 0.37 -11.00 0.47 
PNS 1.14 0.16 1.08 0.37 -1.87 0.73 
A 3.61 0.12 -0.09 0.93 21.78 0.27 
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(a) 
 
 
(b) 
 
Figure 5.20. Comparison on landmark translational displacement relative to cranial base. 
 
 
Results of comparison on landmark translational displacement relative to cranial 
base were shown in Tables 5.12 and 5.13. For translational displacements, the x direction 
translation at Go_L, and the z direction translation at Go_L, Con_R, Con_L, and ML 
Con_L showed statistically significant the difference between Hebst and MARA group. 
For rotational displacements, the x direction rotation at Go_L, Con_R, ML Con_R, 
Con_L and ML Con_L showed statistically significant the difference between Hebst and 
MARA group. 
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Table 5.12. Comparison on landmark translational displacement relative to mandible. 
 
(mm) x y z 
Diff p-value Diff p-value Diff p-value 
Me 2.23 0.09 -1.82 0.46 -1.47 0.39 
B 2.01 0.14 -0.59 0.75 -3.58 0.12 
Go_R -0.17 0.89 0.92 0.34 3.00 0.25 
Go_L 2.67 0.02 0.54 0.53 6.45 0.02 
Con_R -2.51 0.07 -0.28 0.86 4.39 0.01 
ML Con_R -0.13 0.83 0.03 0.98 3.84 0.09 
Con_L -0.38 0.75 -0.48 0.64 6.07 0.01 
ML Con_L 0.22 0.83 -0.08 0.88 5.79 0.04 
 
 
Table 5.13. Comparison on landmark rotational displacement relative to mandible. 
 
(°) x y z 
Diff p-value Diff p-value Diff p-value 
Me -15.81 0.45 0.67 0.96 -43.68 0.10 
B -2.59 0.43 6.35 0.30 -7.58 0.70 
Go_R 15.43 0.32 -1.60 0.95 -2.54 0.85 
Go_L 3.99 0.00 0.61 0.96 -0.30 0.99 
Con_R 3.49 0.02 -0.21 0.99 1.21 0.95 
ML Con_R 2.52 0.04 1.02 0.48 1.81 0.09 
Con_L 3.06 0.00 -1.31 0.96 -0.50 0.98 
ML Con_L 2.51 0.00 -1.76 0.35 -0.69 0.60 
 
 
 
 
 
Figure 5.21. Comparison on landmark translational displacement relative to mandible. 
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When considering the landmark movements relative to cranial base, 2.8% 
translational displacement components and 11% rotational displacement components 
showed statistically significant difference between Herbst and MARA group. For 
landmark movements relative to mandible, 13.9% translational displacement components 
and 13.9% rotational displacement components showed statistically significant difference 
between Herbst and MARA group. Most of the significant differences showed at the 
condyle tip landmarks. One of the potential explanations was that the main purpose of 
Herbst and MARA appliances was to stimulate the condyle to grow. If there were 
difference treatment effects between the two appliances, the landmarks on condyle should 
have more significant responds.  
 
 The purposes of Herbst and MARA appliances were to push the mandible forward 
and stimulate the condyle to grow backward for adapting back to the cranial base. The 
amount of mandible forward was quantified with displacements relative to cranial base. 
Based on the definition of CBCS (Figure 5.6 (a) and (b)), y-direction displacements in 
CBCS represented the forward-backward movement. The y-direction displacements of 
mandible landmarks in CBCS showed no significant differences between Herbst and 
MARA appliances (Table 5.10).  In order to insure the relation between condyle and 
cranial base (i.e., have the condyle adapt back to the cranial base), the displacements of 
condyle landmarks in CBCS should be small enough. Table 5.2 and 5.6 showed that y- 
and z-direction translations of all condyle landmarks in CBCS were less than 1 mm for 
both appliances.  
 
 The amount of condyle backward growth was quantified with displacements 
relative to mandible. Base on the definition of MCS (Figure 5.7 (a) and (b)), y-direction 
displacements in MCS represented the forward-backward movement. The y-direction 
displacements of condyle landmarks in MCS showed no significant differences between 
Herbst and MARA appliances, either (Table 5.12). Thus, H5.2 is not true.  
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5.6. Conclusions 
 After evaluating condylar growth and skeletal effects on patients treated by class 
II functional appliances using a 3D analysis method, the following conclusions can be 
drawn: 
1. Herbst appliance causes mandibular forward movement with backward rotation; 
while MARA appliance causes mandibular forward movement with forward 
rotation. (H5.1) 
2. There were no evidence showed that MARA guides greater mandibular 
advancement and condylar growth, compared to Herbst appliance. (H5.2) 
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6. DISCUSSION AND CONCLUSIONS 
6.1. Discussion 
The main advantage of the methods is that they do real 3D analysis. The inputs of 
the methods are 3D images, and the outputs of the methods are 3D displacement 
components. Two different kinds of dental records are selected, one is the dental cast, and 
the other is the Cone-Beam Computed Tomography (CBCT) images. The dental cast is 
the most widely used 3D record in orthodontic clinic and the CBCT becomes 
increasingly used. During an orthodontic treatment, a set of dental casts are made at each 
important milestone. These casts can help the orthodontists to trace and monitor the 
treatment outcomes. The method using dental casts will have broad applications. CBCT 
is a relatively new technology to obtain the digital 3D models of the patients’ jaws. With 
CBCT images, doctors are able to not only evaluate the crown as in the cast case, but also 
check the roots of the teeth. Currently, the images are used primarily for qualitative 
evaluation. However, more meaningful information can be collected from the images if 
parameters can be quantified. The methods developed in this study can be used for this 
purpose. 
 
CBCT images have advantages than the dental casts. The methods proposed 
require stable anatomical structures used as the references to align two models. Certain 
bony structures in the CBCT are more stable, thus are better than the palatal region as 
reference in the cast method. In some orthodontic treatments such as palatal expansion, 
the palatal region changes, shifting the reference area, which disqualifies it. However, 
even though CBCT method has its advantages, its radiation exposure dose is still of 
concern, especially for young patients. Therefore, a better way to use 3D images in clinic 
is to integrate the two methods as presented in the canine retraction application. 
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The methods have been applied in two different types of orthodontic treatments, 
canine retraction and mandibular growth. In both applications, the 3D methods are used 
to quantify the treatment outcomes and evaluation side effects. In the canine retraction 
study, two commonly used treatment strategies, controlled tipping and translation, were 
compared. Both the canine displacement results and the anchorage loss results showed 
very large variations in both displacement magnitude and movement pattern, even though 
the initial forces and moments were well controlled. This study revealed an important fact 
that tooth displacements are not uniquely controlled by the initial load system. There 
should be more factors which affect the treatment outcome, such as initial alignment of 
the tooth to the alveolar bone, the alveolar bone quality, the bone modeling and 
remodeling cycles, genotype, and personal biological reaction to the load. Further studies 
will be needed to identify the dominant parameters affecting the tooth movement rate and 
pattern. These findings are essential for optimizing treatment and new appliances design. 
In the mandibular growth study, two widely used appliances, Herbst and MARA, were 
compared. Even though, theoretically, MARA can provide more favorable effect to 
stimulate condyle growth and avoid dental and condylar relapse, there were no enough 
evidences to suggest that MARA appliance can give better treatment results.  
6.2. Conclusions 
Orthodontic treatment outcomes, tooth displacement and bony changes, can be 
quantified by using systematic 3D image analysis methods developed in this study. The 
methods have proper accuracy and consistency for clinical use. The results obtained from 
the 3D methods can be used to test orthodontic hypotheses. 
 
The findings from the two clinical studies are listed below. In canine retraction 
treatment, 
 The relationship between canine displacement and treatment time was highly 
nonlinear; 
 99 
 The load system is not the only key factor controlling the canine 
displacement; 
 Using segmental T-loop with a well-controlled load system, large variation in 
canine displacement can be expected; 
 With the same force magnitude, controlled tipping strategy moves canine 
faster than translation. This difference is statistically significant for both 
resultant movement rate in global coordinate system (GCS) and distal/mesial 
direction movement rate in canine coordinate system (CCS);  
 Anchorage losses were still observed in patients with removable or fixed 
TPA; 
 No significant difference in anchorage loss was found between controlled 
tipping and translation strategies; 
 Fixed TPA provided significant better anchorage control than removable TPA 
in mesial-distal direction. 
 
In mandibular growth treatment, 
 Herbst appliance causes mandibular forward movement with backward 
rotation; 
 There were no evidence showed that MARA guides greater mandibular 
advancement and condylar growth, compared to Herbst appliance.  
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